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WORK OF STEAM. 4OI 

The ratio of compression is ^£L4^Z^ = ^ 4; and the Enal pressure of 

steam in the clearance-space is 17^X^4^70% The initial work for 
calculation of compression-resistance is 7%x7o%*490; and conducting 
the calculation in the manner already exemplified, — 

Units. 

Work of compression, 490 x (hyp log 4 = 1.386) = 679 

Deduct, wofk identified with baick-pressure, in terms of work 

incleMance(i7j^%x3x7%)- 367?^ 



Net work of compression 3 r > >^ (^) 

The quantity of exhaust-steam reclaimed is the difference of the total steam 
in the clearance, less the steam of back-pressure already there; or 7%x 

Ratio of steam 4^ to woik^, : : 367^^ : : : i : .805. 

The two ratios of steam to work are here compared!^ 

A : B : : I : 1.390 
0 : ^ : : I : .805 

Difference. 585, 

the significance cS which is to the effect that the net work of compression 
was less in propOTtion to the steam reclaimed than the positive net work of 
the steam, in the ratio of 1.390 to .805 ; and that the difference, .585, 
represents the proportional work economized in compression, compared 
with the work which the reclaimed steam is to give out during the next 
steam-stroke. This difference represents the work of the reclaimed steam, 

measured by 52^ per cent of the clearance-space, multiplied by j^^i 

initial clearance-steam is thus provided for; and the portions of clearance- 
steam provided for are as follows: — 



Back exhaust-pressure i7}4 

Reclaimed 52^ 

Equivalent of work economized 22.1 

Total provided for. 92.1 

Showing that; say, 92 per cent of the dearance-steam is proinded for, and 
that ( 100— 92 =) 8 per cent is to be credited to Uie boiler. 

2d Case. The same example except that the steam is cut off at 50 per 

cent of the stroke, for which the proper period of compression is 17 per cent 
of the stroke. The initial quantity of steam is (100 x (50-1-7) = ) 5700, 
of which there remains in the clearance (7 %x 17}4 % = ) I22>^. The net 
steam is equal to (5700- 122>^=) SS77/2 (A). For the initial work and 
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403 PRINaPLES AND PERFORMANCE OF STEAM ENGINES. 

the actual expansion-ratio 1.88, the total work is 9247; and, deducting for 
passive work in the clearances and back exhaust-pressure, the remainder 

6S47 (^) is the net work. The ratio of compression is ^ '7+7 _^ 

('7^^%^ 3-43 = ) ^ P^"" ^'^ steam compressed into the clearance. 

The initial work is (7%x6o% = ) 420, and the net work of compression is 
51S less ( (i7K%X24^3X7%=) 298)»220 The quantity of steam 

reclaimed is 298 {a). 

The two ratios of steam to work are: — 

A : B : : 5577>^ : 6847 : : 1 : 1.23 
a i d I : 298 230 : : z : .74 

Difierence 49 

And the portions of deatanoe-steam provided for are as follows : — 

per ceaL 

Bsde exhaust-pressure 17.5 

KiBclaimed (17^ % x s.45 - )» 42.5 

Bquhakat to woric economized (42.5 x = ) 17.0 

Total provided for 77.0 

To be aedited to the boiler. 23.0 

100.0 

Case. A condensing engine, cutting off at 20 per cent of the stroke; 
with a back -pressure 5 per cent; clearance 7 per cent; proper period 
of compression 47 per cent The actual ratio of expansion is 4, and the 

ratio of compression is i^Y^"^ 7 '7^' ratios of steam to work 

are: — 

A : B : : 2665 : 5242 : : i : 1.97 

a ; b . : 235 : 316 : : i : 1.34 

Difference 0.63 

The portions of clearance-steam provided for are as follows: — 

ptfcnt. 

Back exhaust-pressure , 5 

Reclaimed (5 % x 6.7 1 = ) 33.5 

Equivalent to work economized (33.5 x Ji.v ... 10.7 

1.97 

Total provided for 49.2 

Credited to boiler 50.8 

loao 

Atk Que, The same engine, cutting off at 20 per cent of the stroke; 
with a back-pressure of 3 >^ per cent; clearance 7 per cent; and proper 
period of compression 52 [ cr cent. The actual ratio of expansion is 
4, and the ratio of compression is 8.43. The two ratios of steam to worl^ 
taken in the same manner as before, are:— ^ 



Digitized by Google 



WORK OF STEAM. 403 

A : B : : 2682 : 5492 : : z : 2.05 
a : ^ : : 130 : 184 : : i : 1.40 

Difference 65 

Tbe portions of clearance-steam provided for are as follows: — 

per c«nt. 

Back exhaust-pressure 8.5 

Redaimed {»yi%x 7-43 18.6 

Equivalent for work economized (18.6 x 6.» 

'•05 

Total provided for... 37.1 

To be ciedited to dw boiler 78.9 



22.2 



100.0 

5//c Case. A compound-cylinder condensing engine, of which in the ist 
cylinder the steam is cut off at 50 per cent of tiie stroke with a back- 
pressure 30 per cent; dearanoe 7 per cent; and proper period of com- 
pression 12 per cent The actual ratio of expansion is 1.88, and the ratio 
of compression is 2.714. The two ratios of steam to work are: — 

A : B ; : 5490 : 5577 : : i : i.os 
a : ^ : : 360 : ao8 : : i : .58 

Difloence 44 

The clearance-steam is thus provided for: — 

per cent. 

Back exhaust -pressure 30 

Reclaimed (30 x 1.74 = ) 51.4 

Equivalent for work economized ^51.4 ^ 7^*^^*****' 

103.6 

Here it appears that the whole of the clearance-steam is provided for 
and something over (3.6 per cent). For the 2d cylinder, take a period of 
admission 40 per cent of the stroke; back-pressure 20 per cent; and clearance 
7 per cent The proper period of compression is 18 per cent. The actual 
ratio of expansioa is 3.28; and the ratio of compression is 3.57. The two 
ratios of steam to work are: — 

A : B : : I : 1.688 

a : ^ : : I : .767 

Diflference 9a i 

The clearance-steam is thus provided for: — 

PW Mtt. 

Back exhaust-pressure 20 

Reclaimed (20 X 2.57 ^ ) 51.4 

Equivalent for work economized (5 1.4 x '^'^ = ) 28 

99.4 

Showing that all the clearance-steam is provided for, except an insignificant 
fraction. 
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These five cases represent averat^c ordinary types of practice; and they 
show that, in ordinary non-condensing engines, having 7 per cent clearance, 
suitable provision may be made, in round numbers, for the equivalent of from 
80 to 90 per cent of the initial steam for the clearance, crediting only 10 or 
20 per cent of it to the boiler; and that, in single-cylinder condensing engines, 
from 30 to 50 per cent is provided for, crediting the remainder to the boiler. 
In two-cylinder condensing compound engines, again, it is shown that the 
whole of the clearance-steam may be provided for, crediting nothing to the 
boiler. The effect of such provision is to reduce the quantity of non- 
effective clearance-steam drawn direct from the boiler — non-effective, that is 
to say, for initial work — so that the 7 per cent clearance tiius provided 



condensing engines. For compound engines the clearance-space may be 
wholly neutralized. The reduction of efficiency of the steam b)- clear- 
ance, un neutralized, of which examples have been given, is proportionally 
lessened. 

The means of economizing the expenditure of initial steam for clear- 
ance are applicable, of course, to engines having clearances other than 
7 per cent 

This bendicial exploitation of clearance-space is based on the element 

of back-pressure, for without back-pressure — that is to say, supposing that 
there were a perfect vacuum — there could not be any compression. But, 
given the back-pressure, it is better to recognize its existence, and to reclaim 
a portion of the exhaust-steam, by economically inclosing and compressing 
a portion of it — minimizing, at the same time, the loss of force incurred by 
the dearance-space; In ex^vme cases* it may be imagined, an absolute 
gain of efficiency might be effected by the stgency of clearance, compared 
with the condition of non-clearance; but such cases could only arise in the 
presence of a very high exhaust-pressure. Here, one is confronted by the 
paradoxical conclusion that clearance-space, so far from being necessarily 
a cause of loss of efficiency, may actually be made accessory to an augmen- 
tation of the efficiency of steam in the cylinder; that is to say, it may 
be made the means of adding to what may be called the normal efficiency 
under the given conditions, with non-dearance. It may at least be reason- 
ably inferred that it is scarcely worth while to spedalize the design of an 
engine, for the sake of reducing clearance to a minimum. True, the 
employment of compression causes a resistance which leads to a reduction 
of the available work done on the piston. In any case, an inch or two 
added to the diameter of the cylinder, or two or three pounds more pressure 
of steam, may supply the needful compensation. 



is virtually equivalent to a clearance of about 
for non-condensing engines; and about 




7X(ioo- 
100 



-85)_ 



I per cent 




RULES AND TABLES FOR WORK OF STEAM. 4O5 

Chapter II.— RULES AND TABLES FOR WORK OF STEAM 

IN A SINGLE CYLINDER. 

1. TABLE OF RATIOS OF EXPANSION OF STEAM, WITH RELATIVE 
PERIODS OF ADMISSION, FR£SSUR£S» AND TOTAL PERFORMANCE. 

To facilitate calculations about steam expanded in cylinder^ tiie table 

No. 94 has been composed. The actual ratios of expansion, column i. 
range from i.o to 8.0, for which the hyperbolic logarithms are given, for 
ready reference, in column 2. The 3d column contains the periods of 
admission relative to the actual ratios of expansion, as pcrcentat^cs of the 
stroke, calculated by Rule 3, page 386. The 4th column gives the values 
of the mean pressures relative to the initial pressures, the latter being 
taken as i, calculated by formula (6), page 384. The 5tfa column gives 
the values of die initial pressures relative to, the mean pressures, when the 
latter are taken as i. These values are the reciprocals of those of the 
4th column ; at the same time they may be calculated by formula (4), page 
384. In the calculation of these last three columns, 3, 4, and 5, clearance 
is taken into account, and its amount is assumed at 7 per cent of the 
stroke. In the 6th column, of final pressures, they are sudi as would be 
arrived at by the continued expansion of the whole of the steam to the 
end of the iittoke, the initial pressure being equal to i. They are tiie 
reciprocak of the ratios of expansion, column i, as indicated by Rule 4, 
page 386. 

The 7th column contains the relative total performances of equal weights 
of steam worked with the several actual ratios of expansion: the total 
performance when steam is admitted for the whole of the stroke, without 
expansion, being equal to I. They are calculated on the principle exem- 
plified at page 387. 

The pressures have been calculated on the supposition that die pres- 
sure of steam, during its admission into the ^linder, is uniform up to the 
point of cutting off, and that the expansion is continued regularly to the 
end of the stroke. The relative performances have been calculated without 
any allowance for the effect of compressive action. 

The calculations have been made for periods of admission ranging 
from too per. cent^ or the whole of the stroke, to 6.4 per cent, or Vtetfa of 
the stroke^ And though, ncMninally, the expansion is 16 times in the 
last instance, it is actually only 8 times, as given in the first column. The 
great diflference between the nominal and the actual ratios of expansion 
is caused by the clearance, which is equal to 7 per cent of the stroke, 
and causes the nominal volume of steam admitted, namely, 6.4 per cent, 
to be augmented to 6.4+7= ^3-4 pc cent of the stroke, or, say, double, for 
expansion. When the steam is cut off at actual expansion is 

only 6 times; when cut off at Vsth, the expansion is 4 times; when cut off 
at yfd, the expansion is 2^ times; and to effect an actual expansion to 
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twice tiie initial volume^ the steam is cut off at 46^ per cent of the stroke^ 
not at half stroke. 

Table No. 94. — Expansive Working of Steam: — Actual Ratios of Expan- 
sign; with the Relative Periods of Admission, Pressures, and 

PBRrORMAMCS. 
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Table No. 94 {continued). 
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2.736 



Though a uniform clearance of 7 per cent at each end of the stroke has 
been assumed as an average proportion for the purpose of compiling the 
tabic, the clearance of cylinders with ordinary .slides varies considerably — 
say, from 5 to 8 or 9 per cent. With tlie clearance, 7 per cent, that has 
been assumed, the table gives approximate results sufficient for most prac- 
tical purposes. It supplies means of economizing calculation, certainly 
more trustworthy than such results as can be deduced by calculations 
based on simple tables of hyperbolic logarithms, where clearance is 
selected. 
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It has already been exemplified at page 386, how die table may serve 
in making apfmndmate calculations when the clearance is odier than 7 per 
cent 

IL TOTAL WORK DONE BY ONE POUND OF STEAM EXPANDED 

IN A SINGLE CYLINDER. 

If I pound of water be converted into steam of atmospheric pressure — 
14.7 lbs. per square inch, or 21 16.8 lbs. per square foot — it gradually 
occupies a volume equal to 26.$6 cubk feet; and tJie work d<Mie in acquiring 

this volume under one atmosphere is equal to 21 16.8 lbs. x 26.36 feet = 
55,788 foot-pounds. The equivalent quantity of heat expended is i unit 
per 772 foot-pounds, or, altogether, (55,788-7-772 = ) 72.3 units. This is 
precisely the work of i pound of steam of one atmosphere, acting on a 
piston without expansion. 

The gross work ^us done on a piston by i pound of steam, generated 
at total pressures varying from 15 lbs. to 100 lbs. per square inch, varies, in 
round numbers, from $6,000 to 62,000 foot-pounds, equivalent to from 
72 to 80 units of heat. 

The simple work of a pound of steam, without expansion, thus exem- 
plified, is reduced by clearance according to the proportion it bears to the 
net capacity of the cylinder. If the clearance be 7 per cent of the stroke, 
then 107 parts of steam are consumed in doing the work of a stroke, which 
is represented by 100 parts, and the work of a given weight of steam 
without expansion, admitted for the whole of the stroke, is reduced in the 
ratio of 107 to loa Having determined by this ratio the quantity of work 
by T pound of steam without expansion, as reduced by clearance, the work 
of the same weight of steam for various ratios of expansion may be deduced 
from that, in terms of the relative performance of equal weights of steam, 
as exemplified at page 389, and given in the 7th column of table No. 94. 
The simple work, withcmt expansion, as reduced by clearance, is to be 
multiplied by the ratio or relative performance just referred ta The simple 
work of a pound of steam does not greatly vary with the pressure; and, 
for present purposes, the work of steam of a total pressure of 100 lbs. per 
square inch has been calculated and tabulated. This pressure corresponds 
to a net pressure, above the atmosphere, of 85 lbs. per square inch — a 
convenient average standard of i)ressure. The volume of i pound of 
saturated steam of 100 lbs. per square inch is 4.33 cubic feet, and tlie 
pressure per square foot is 144 x ioo» 14,400 lbs.; then, the total simple 
work— or total initial work, as it may be called — is, 

14,400x4.33 = 62,352 foot-pounds. 

This amount is to be reduced for a clearance of, say, 7 per cent, thus: — 

6ai3S» X = 58»a73 foot-pounds, 

107 

which is the total simple work of i pound of steam of 100 lbs. total pressure 
per square inch, after the loss by clearance is deducted; and, divided by 
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Joule's equivalent, 772, it is equal to 75.5 units of heat. Now, the total or 
constituent heat of i pound of loolb. steam, reckoned from a temperature 
of 212* F., is 10014 units; reckoned from 102* F., the temperature of water 
from the condenser under a pressure of i lb. per square in^, the constituent 
heat is llll.4units. The equivalent of the net simple worl^ 75.5 units, 
is, then, 7.5 per cent of the total heat reckoned from 212" P., or 6.7 per 
cent if reckoned from 102° F. For shorter admissions, with complementary 
expansion, the work is increased as in the following examples: — 

When the steam is cut off a^ 

1, Hf H» H* % H* Vio, 'hscistxolse, 

fhe actual ratios of expansion are^ 

I, 1.3, 1.88, 3.35, 4.0, 5.5, 6.3, 7.8 times; 

tiie comparative performances of i pound of steam are as 

I, 1.261, 1.616, 2.129, ».»78, 2.511, 2.597, 2.719, 
and tlie total actual \\ ork of 1 lb. of lOO-lb. steam is, in the same proportion, 
58 273. 73»5i3» 94,200, 124,066, 132,770, 146,325, iS»»370i X5*»4i4 foot-pounds. 
The equivalents, as heat^ of the actual work done^ are 

75-5> 95*>f l'3.o, 160.7, i7Z'9> 189.5, i9<><<» 305<> vnits, 
which aie, in parts of the constituent heat reckoned from 102* F., equal to 
6.7, 8.5, ii.o, 14.5, 15.5, 17.0, 17.6, 18.5 percent 

From these examples, it appears that the total work done by i pound 
of steam, without making any allowance for back-pressure, compression, or 
oUier contingencies, varies from about 6(^000 foot-pounds when applied 
without expansion, to about double that; or about 120^000 foot-pounds, 
when expanded three times, cutting off at about 27 per cent of the stroke; 
and to about 150,000 foot-pounds, or times the first performance, when 
expanded about six times, cutting off at about 10 per cent of the stroke. 

Also that, of the heat consumed in the formation of steam, not 7 per 
cent is converted into total work when there is no expansive action; that 
with an expansion of six times tiiere is only i7j4 per cent converted; and 
that even with an expanaon of eight times, when the steam is cut off at 
>/z5th, less than 20 per cent, or one-fifth of the heat consumed, is converted 
into work. The remainder of the heat is lost, as for the purpose of the 
steam engine 

nL CONSUMPTION OF STEAM WORKED EXPANSIVELY PER 
HORSE-POWER OF TOTAL WORK PER HOUR. 

The measure of a horse-power is the performance of 33fOoo foot-pounds 
per minute, or of 33,000 x 60= 1,980,000 foot-pounds per hour. This work 
is to be divided by the work of i lb. of steam, and the quotient is the 
weight of steam or water required per horse-power per hour. For example, 
the total actual work done in the cylinder by i lb. of loo-lb. steam, without 



Digiiized by Google 



410 PRINCIPLES AND PERFORMANCE OF STEAM ENGINES. 



expansion and with 7 i>er cent of clearance, is 58,273 foot-pounds; and 
i,^8c^ooo ^^ ^£ steam, is the weight of steam consumed for the total 

work done in the cylinder per horse-power per hour. For any shorter 
period of admission, with expansion, the weight of steam per horse-power 

is less, as the total work by i lb. of steam is more, and may be found by 
dividing 1,980,000 foot-pounds by the respective total work done; or by 
dividing 34 lbs. by the ratio of performance, column 7, table No. 94. In 
this way it is found that, when the steam is cut off at 

I, Hf ^ Hf '/» H> ■/«. V,5 of stroke, 

the quantities of steam, or water as steam, consumed per horse-power of 
total work per hour, are 

34.0, a6.9, ai.o, 16.0, 14.9, 13.5, 13.1, zs.5 lbs. 

Further, allowing that 10 lbs. of steam are generated by the combustion of 
z lb. of coal, the fuel consumed per horse-power of total work per hour is^ 

3.40, 2.69, 2. ID, i.6o, 1.49, 1.3s, 1.31, 1.25 lbs. 

IV. TABLE OF THE TOTAL WORK DONE BY I POUND OF STEAM 
OF ICQ LBS. TOTAL PRESSURE PER SQUARE INCH. 

The table, No. 95, which follows, is calculated on the basis of the 
conditions above laid down, which arc repeated under the heading of the 
tables for ready reference. The ist, 2d, and 3d columns are repeated from 
table Na 94. The 4th column, of total actual work done i lb. of 
steam of 100 lbs. total pressure, is calculated by multiplying the work 
without expansion, namely, 58,273 foot-pounds, by the ratios in column 3, 
for the proportional work when expanded. The 5th column contains the 
equivalent of heat converted into work, which is found by dividing the 
work in foot-pounds by Joule's equivalent, 772; and the 6th and 7th 
columns give these values as percentages of tfie total heat of steam 
raised from 212* and 102* F. respectively. The 8lh column contains the 
quantity of steam consumed for the total work done per horse- power 
per hour. 

An initial total pressure of 100 lbs. per square inch has been adopted 
for the table, No. 95, as an average pressure in ordinary good practice, and 
the contents of the table arc good as approximate values for other pressures 
considerably different from 100 lbs., more or less. A tablet, page 413, is 
appended to the table, containing multipliers for various other total pressures, 
wlUch may be applied to the total actual work ^ven in the table for die 
purpose of determining the correct total quantities of work for steam of the 
respective pressures. These multipliers are arrived at by multiplying the 
total pressure of any other given steam per square foot, by the volume in 
cubic feet of i lb. of such steam, and cli\ iding the product by 62,352, which 
is the product in foot-pounds for steam of 100 lbs. pressure. The quotient 
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is the multiplier for the given pressure- From the tablet it appears that, 
between the extremes of 65 lbs. and 160 lbs. per square inch, the deviation 
from the work done as given for 100 lbs. pressure does not exceed 25^ and 
3 per cent 

Table No. 95. — Total Work done by One Pound of Steam of 

100 LBS. TOTAL PltBSSURB PBIt SQUARE INCH. 

AssmimoNS.— >Tlut die initial premtre is itoifonD; that the cxpansioii it conpletie to the end of 

the stroke; that, substantially, the pressure in expansion VuiM invosdyM the Totutte; that 

there is no back-pressure of exhaust or of compression. 
Volume of I ib. of steam of loo lbs. pressure per square inch, or 14,400 lbs. per 



square foot 4.33 cable fiset 

Product of iiutial pressure and volume 62,352 foot-pounds. 

Constituent heat of i ib. of this steam — Reckoned from 212° F. 1001.4 units. 

RedMnedftom 101* F. 1111.4 units. 

Cleaiance at each end of the cylinder 7 per cent of the ilialMi. 



Actual 
Ratio 


combskndinc 
Pkuod op 
Abmission 


Total Actual Work 
DONB by 1 Ib. of ioo-lb. 1 
Stean. 


IqoivAUUIt op Heat 
ooBTCrtadintoWotk. 


Quantity of 
sumed per 












Hor*c-pf>wcr 

nw *i/*t I1 1 1 

Work done 
per Hour. 


or 

EvXFAN' 
SION. 


or Cinr-orr, in 
ptfcentaceof 
SboIm. 


Ratio of 
Work done 


Work 


coo- 


Fibicwi|i(b of CooMi- 
tacnt Heat convened, 
w calculated from 
P. and TOO* F. 






No. ^4). 








(•) 


It) 




Is) 


(6) 


17' 
% from 

loa* F. 


(8) 


mitial 
vdL = I. 


per cent. 


foot- 
pounds. 


lUUtS. 


% from 
aia'.F. 




I.O 


100 


1.000 


58,273 


75-5 


7-5 


6.7 


34-0 


1.05 




1.050 


61,193 


79-3 


7-9 


7.1 


32-4 


I.I 


90.3 or 9/10 


1.096 


63,850 


82.7 


8.3 




31.0 


1. 15 


00.0 


I.I38 


66,310 


85.9 


8.6 


7.8 


29.9 


I. lo 


03.3 or 5/6 


1. 164 


67,836 


87-9 


8.8 


7-9 


29.2 


1.2 


82.1 


1. 180 


68,766 


89.1 


8.9 


8.0 


28.8 


1.23 


SouoorVj 


1.206 


70^ 


91.0 


9.1 


8.2 


28.2 


1.25 


78.6 


1.221 


71,151 


92.3 


9.2 


8.3 


27.8 


1-3 


75.3 or }4 


1. 26 1 


73,5 >3 


95.2 




8.5 


26.9 


1-35 


72.3 


1.297 


75,575 


97.9 


tl 


8.8 


26.2 


1.39 


70.0 or 7/,o 


1.325 


77,242 


100.1 


lao 


9.0 


25.6 


1.4 


69.4 


1.332 


77,616 


ioa6 


lai 


9.1 


25.5 


1-45 


66.8 or »/3 


1-365 


79,555 


102.9 


10.3 


9-3 


24.9 


1-5 


64-3 


1-399 


81,546 


105.6 


ia6 


9-5 


' 24.3 


1-54 


62.5 or H 


1.425 


83.055 


107.6 


10.8 


9-7 


1 23.8 


1-55 


63.0 


1.429 


83,299 


107.9 


108 


9-7 


1 23.7 


1.6 


59.9 or 3/j 


1.4'^''l 


85,125 


110.3 


1 1.0 


9-9 


23-3 


1.65 


57.9 


1.490 


86,828 


1 12.5 


1 1.3 


10.2 


22.8 


1.7 




1.520 


88,598 


1 14.8 


11.5 


10.4 


22.4 


1-75 


54-1 


1.546 


90,115 


116.7 


11.7 


10.5 


22.0 


1.8 


52.4 


»-573 


91,680 


118.7 


11.9 


10.7 


21.6 


1.8$ 


$a8 


'i^ 


93,065 


120.5 


12.0 


10.8 


21.3 


1.88 


50.0 or }i 


1.616 


94,200 


122.0 


12.2 


n.o 


2t.O 


1-9 


49-3 


1.624 


94,610 


122.5 


12.3 


II. I 


20.9 


«.95 


47-9 


1.649 


96,100 


124.5 


12.4 


11.2 


20.6 


2jO 


46.5 


1.672 


97,432 


126.2 


12.6 


n-3 


20.3 


3.1 


44.0 


1.718 


100,266 


129.7 


13-0 


11.7 


19.8 


2.2 


41.6 


1.756 


102,366 


132.5 


132 


11.9 


19.4 


2.28 


40.0 or •/$ 


1-793 


104,466 


135-3 


13-5 


12.2 


19.0 


2.3 


39-5 


1.798 


104,855 


135-7 


13.6 


12.3 


18.9 


2.4 


37-6 or H 


1-837 


107,050 


138.6 


13-9 


12.5 


18.S 




3S.8 


1.875 


109,266 


141.5 


14.1 


12.7 


18.1 


2.6 


34^ 


I.912 


111,400 


144-3 


144 




17.8 
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Table No. 95 (AMr/nma/). 



Acre At, 
Ratio 


1 

CoRRBmnnmNs 1 

PkRIOO IP 

Admission ' 
or CuT-ofF, in 

Stroke. 1 


Total Actual Work 
MNB by 1 lb. of loo-lb. \ 
Steam. 


Eqi'ivalbkt op Hbat 
converted into Work. 


Quantity of 
Steam con- 
sumctl J ' r 


OP 
BXMM- 
flOM. 


Ratio of 
Work dune 
,col. 7, table 
No. M). 


Actual 


Hcst 

CUII- 


Percentage of Consti- 
luciu Heat converted, 
as calculated from 
sM'F.aadMiCF. 


Hor*e.jw i« cr 

of actual 
Work done 






(3) 




<'$< 




- /' 
from 

102* F. 


(8) 


initial 

Tm» Em 


per cent. 


f(K)t. 

pounds. 


units. 


frum 
aia* F. 


lbs. 


3.6c 


33.3 or *lx 


1. 02; 


112,220 


1454 


14.5 


13-" 


17.7 


2.7 


12.6 


J -943 


"3,244 


146.7 


14.7 


13-2 


17.6 


2.8 


30.2 


1.978 


115,244 


149.2 


14.9 


134 


17.2 


3.9 


29.9 or 3/10 


SjOOD 


116,885 


1514 


I5.I 


13.6 


16.9 


30 


28.7 


2.039 


118,820 


153-9 


15.4 


13.9 


16.7 


3-1 




2.059 


119,970 


155-4 


'5-5 


'3-9 


16.5 


3.2 


264 


3.083 


131,386 1 


157.2 




T 4 T 

14.I 


16.3 




25.4 


2.111; 


12^,278 


iq9.6 

J J 


16.0 


14.4 


16. 1 


3-35 


25.0 or X 


2.129 


124,066 


160.7 


16.1 


14-5 


16.0 


1.4 


24.5 


2.146 


125,066 


162.0 


16.2 


14.6 


15.8 


3-5 


23.6 


2.164 


126,125 


1634 


16.3 


14.7 


15.7 


3-6 


22.7 


2.187 


127450 


165.1 


16.5 


14.9 


155 


3-7 


21.9 


2.21 1 


128,860 


166.9 


16.7 


15.0 


'5-4 


3.8 


21.2 


2.240 


130,533 


169.1 




15.2 


15.2 


3-9 


2a4 




I ^ T fov^ 


1/0.7 


17.1 


154 


I^.O 




1 0.7 or */« 


2.278 


132,770 




17.2 


155 


I J..Q 


4.1 


ig.i 


2.291 


133.500 


172.9 


17.3 


15.6 


14.8 




i&S 


2.315 


134,900 


174-8 


>7.5 


15.8 


14.7 


4-3 


17.9 


2.326 


135,555 


175.6 


17.6 


15.8 


14.6 


4.4 




a.348 


136,825 


177.2 


17.7 


lA? 


»4-5 


4-5 


i6w8 or s/e 


3.370 


138,130 


178.8 


17.9 


lai 


14.34 


4-6 


16.3 




T ^0 TOO 


180.2 


18.0 


16.2 


I4.2'l 


4*7 


15.8 


2.390 




181 I 


18.1 


16.3 


14.16 


4.8 


>5>3 


3418 


140.020 


182.5 


18.2 


164 






14.8 


1 2.422 


141,210 


182.8 


18.3 


16.5 


14.03 




14.4 or »/? 


2.440 


142,180 


184.2 


18.4 


16.6 


I 3.Q2 


5.2 


13.6 


2.466 


143,720 


186.2 


18.6 


16.9 


J 3-78 


5-4 


12.8 


2.497 


145.525 


188.5 


18.8 


16.9 


13.60 


5.5 


1x5 or X 


3.5 II 


146,325 


189.5 


18.9 


17.0 


13.53 


5.6 


12.1 


2.528 


'4/ 


190.8 


19.1 


17.2 


•J ■ T 


5.8 


1 1.4 






192.2 


19.2 


17.3 


1334 


5-9 


11.1 or «/9 


2.556 


148,940 


192.9 


19.3 


174 


13.29 


6.0 


ia8 


2.567 


149,586 


1937 


19.4 


17.5 


13.23 


6.2 


laj 


2.585 


150,630 


195. 1 


19.S 


17.6 


I3-I4 


6.3 


loo or >/,o 


1 2.597 


1 5 ',370 


I96.I 


19.6 


I7J5 


13-08 


6.4 


9-7 


2.609 


152,033 


196.9 


19.7 


17.7 


1 3.02 


6.6 


9.2 or '/« 


2.619 


152,595 


197.7 


19.8 


17.8 


12.98 


6A 


R7 , 


3.629 


153,810 


199.2 


19.9 


17.9 


12.87 


7.0 


8.3 or «/„ 


2.664 


155,200 


201.1 


20.1 


18.1 


12.75 


7.2 


7.9 , 


2.683 


156,330 


202.6 


2a3 


18.3 


12.66 


7.3 


7.7 or «/t3 


3.693 


156,960 


203-3 


3a3 


18.3 


I3.6t 


7-4 




1 2.703 


157,560 


204.1 


20.4 


18.4 


12.57 


7.6 


7.1 or 


2.7 1 1 


157,975 


204.6 


20.4 


184 


12.53 


7.8 


6.7 or ',',5 


2.719 


158,414 


205.2 


20.5 


18.5 


1 12.50 


8.0 


64 or »yi6 1 


1 2736 


1 I59i433 1 


1 306.S 


30.7 


1 18.6 


i 11.83 
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Appendix to Table Na 95. 

Tablet or Multipliers for the total actual Woik done by i pound of Steam of 
other Pressures than 100 lbs. per Square Incb, to be applied to the total actual 
Work as given in the table. See explanatoiy notice of this taUet^ page 410. 



Total Pmrare* below loo Ifai. par 

Square Inch. 


Tettl Preuure* above too Iba. per 
Square Inch. 


Ibt. per square inch. 


multtptier. 


Ibt. per Mittare inch. 


nokiplier. 


65 


•975 


100 


I.OOO 


70 


.981 


no 


1.009 


75 


.986 


120 


1. 01 1 


80 


.988 


130 


1. 015 


«5 


.991 


140 


1.02a 


90 


•995 


150 


1.025 


95 


.998 


160 


1. 03 1 



V. NET CYLINDER-CAPACITY RELATIVE TO THE STEAM EXPENDED 
AND WORK DONE IN ONE STROKE. 

The quantity of cylinder-capacity required for the total performance of 
a given weight of steam admitted for one stroke depends on the volume 
of the steam, and on the ratio of expansion. If the given weight admitted 
be multiplied by the volume of i pound of the steam and by the actual 
ratio of expansion, the product is the gross cylinder-capacity, including 
clearance. For example, if i pound of steam of 100 lbs. pressure per square 
inch be admitted for the whole stroke, without expansion, the gross capa- 
city is the volume of i pound of such steam, namely, 4.33 cubic feet; and 
the net capacity, supposing die clearance to be 7 per cent of the stroke, is 

4.33 X = 4.047 cubic feet 

xoo+7 

If, again, 2 pounds of steam of 100 lbs. pressure be admitted and 
expanded into three times its initial volume, the gross capacity is 4.33 x 3 
X 3=25.98 cubic feet; and the net capacity is 

95.98 X s 24.38 cubic feet 

107 

From this is derived the following rule for net capacity: — 

Rule ^.— To find the net Capacity of Cylitider for a given Weight of 
Steam admitted for one stroke, and a given actual ratio of expansion. — 
Multiply the volume of i pound of the steam by the given weight in pounds, 
and by the actual ratio of expansion. Multiply the product by 100, and 
divide by 100 plus the percentage of dearance. The quotient is the net 
capacity of cylinder. 

Again, the quantity of cylinder-capacity required for the performance 
of a given amount of total actual work, in one stroke, depends on the 
initial pressure, and the actual ratio of expansion, according to the follow- 
ing rule: — 

Rule 6. — To find tlu net Capacity of Cylinder for the performance of a 
gwm amount of total Aahud Work, i» one stroke, with a given imiiai ^tvssure. 
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and actual ratio of expansim, — ^Divide the given work by the total actual 
work done by i pound of steam of the same pressure, and with the same 
actual ratio of expansion; the quotient is the wcii^ht of steam neoessaiy to 
do the given worl^ for which the net capacity is found by Rule 5, preceding. 

Note I. Conversely, the weight of steam admitted per cubic foot of 
net capacity, for one stroke, is the reciprocal of the cylinder-capacity per 
pound of steam, as obtained by Rule 5. 

2. Likewise, the total actual work done per cubic foot of net capacity, 
for one stroke, is the reciprocal of the cylinder-capacity per foot-pound of 
work done, as obtained by Rule 6. 

3. The total actual work done per square inch of piston per foot of the 
stroke^ is ^^44th part of the work done per cubic foot; a prism i inch 
square and i foot long being Vi44th part of a cubic foot. The work, in 
either measure, is in direct proportion to tlie average total pressure per 
square inch. 

4. The resistances of back-pressure of exhaust and of compression are 
Id be added to the net work required to be done^ to find the total actual 
work. 

VI. TABLE OF RELATIONS OF NET CAPACITY OF CYLINDER TO STEAM 
ADMITTED AND TOTAL ACTUAL WORK DONE. 

The table No. 96 gives the net capacity of cylinder required in relation 
to ^e quantity steam of 100 Ib& total pressure per square inch con- 
sumed, and of total actual wcMrk done^ in one stroke. Columns i, 2, and 5, 
are the ratios of expansion, periocb of admis^on, and total actual work 
done by i lb. of steam of 100 lbs. pressure, repeated from columns I, 2, and 
4, in the previous table, No. 95. In the 4th column are the net capacities 
of cylinder required for each pound of steam admitted for one stroke, 
found by Rule 5; and in the 5th column are the net capacities of cylinder 
for icx},ooo foot-pounds of total actual work done in one stroke, found by 
Rule 6L The 6th column contains the weights of steam kA 100 lbs. pressure 
admitted to the csdinder for one stroke, per cubic foot of net capacity. 
These values are simply the reciprocals of those in column 4. The 7U1 
column contains the ti^ actual work done by steam of 100 lbs. initial 
pressure, for one stroke, per cubic foot of net capacity. These values are 
the products of the reciprocals of those in column 5, by r 00,000, since this 
is the number of foot-pounds for which the values in column 5 are calcu- 
lated. The 8th column gives the total actual work per square inch of 
piston-area, per foot of stroke^ in foot-pounds; the initial pressure is 100 lb&, 
and the following pressures, for the different ratios of expansion, may also 
be read as percentages of the initial pressure. The total actual works are 
directly proportional to the average total pressures per square inch, as given 
in column 4, tabic No. 94, page 406, where the initial pressure is taken 
as I ; and the former have been found by multiplying the latter respectively 
by 100. 

Tablit of Multipliers. — The contents of the table Na 96 are calculated 
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for steam of lOO lbs. per square indi, total initial pressuie; but they ate 
availably widi the aid of a set of multiplier^ for other pressures. For 
column 3, tiie total actual work don^ Iht multi(diers have already been 

Table Na 96. —Net Cylinder-capacity, with Relation to Stbam 
Admh i KD, AND Total Actual Work done. 



For Steam of 100 lt>s. total pressure per st^uare inclu 
Ckanncc at each end of the Cylinder, 7 per cent of the stroke. 
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Admission, or 
CtTT-OFF, as a 


Acre Ai. 
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Per pound 
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Work don e 

by Steam of 


PONK per 
S<^ Inch 


Expan- 
sion. 


Perceniage of 
Suolw. 


by I lb, of 
lOMix amm. 


Sceam, 
admitteicl 
in ofkc 
Suoke. 


Ppcisurc 
admitted 
for ocvc 
Stroke, 

per Cubic 
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Pl^CSMIFC, 

in one 
Stroke, per 
Cubic root. 


of nMan, 
per Pootol 

Stroke, 
by foolba. 

Steam. 










ir: 'iiir 
Stroke. 


Foot. 




(t) 


(a) 




14/ 


(51 


(6) 


(7; 


!'8' 


duHal vol- 
ume = I. 


pwewi. 


ftotvoandi. 




CO. feet. 


pound. 


foot -pouxid \. 


fixij. 
pounds. 


I.O 


100 


58,273 


4.05 


6.94 


.247 


14,400 


100 








4-25 


6.95 1 


-235 


14,301s 


99-97 








4-45 


6.97 


.225 


'4»347 


99.0 


t t e 
• 1 




AA ■I Trt 

WAjj J I U 


4.65 


7.02 


.215 


14,245 • 


99.0 






67 


4.7 a 
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.209 


'4,204 , 


oX 6 


1.2 


82.1 


68 766 


4.00 


7.00 


■ ZOO 


14,104 


yo. j 
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4,98 


7.09 


.201 


14,104 




T 2C 


786 


71 I C I 


5.06 


7.11 


infi 
.190 


14,005 


07 7 


1 -5 
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T 7 e 1 7 


5.20 
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7*25 
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.170 


I 7 c zc\ 




I.? 




1 81,540 


0.07 


7-45 


i6e 
.105 






I.? J. 


62.? or 5jf 




6.23 


7.50 




*3»333 ' 


02. c 

V--5 


''J J 


62.0 


81.2QQ 


6.27 


7-53 




1 1.280 


02.2 


1.6 


?Q 0 or ilm 






7 61 


•155 


i3,Hi 


01 1 


1.65 


57.9 
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.107 
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78.2 


M 


37.6 or H 
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9.71 


9.07 1 


.103 


1 1,025 
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ia52 
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.095 
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2.65 
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112,220 


ia72 


9.56 


•093 
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72.6 


2.7 


32.6 


113,244 


10-93 


9.65 


.091 


10,363 


71.9 


2.8 


30.2 


115,244 


11-33 


9.83 


.088 


10,173 


70.6 


-■0 


29.0 or 


116.855 


1 1.74 


10.04 


.0.S5 


9,960 


69.2 
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TaUe Na 96 {tontinued). 



ACTDAL 

Ratio 
or 

■lOK. 


Period or 
Admission, or 
Cutoff, at « 


TOTAU 

Actual 
WoncDom 

MB4lk8lmiii. 


N«tGiSM»y of 
Qyindar. 


Per Qibie Ftatof Net 

Capacity of Cylinder. 


Total 
Actual 
Work 

DONB per 
Si). IikIi 
1 of I'lstiin, 
per K;iol of 

Stroke, 
by 100 lbs. 
SteauL 


Fir pound 
of no-lb. 
Stcmm, 
admitted 
in one 
SUROlte. 


PencoiOoo 

Foot- 
pounds of 
Total Ac- 
tual Work 

done by 
Steam of 
, 100 lbs. 
pressure, 

in one 
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OP Stkam 
of loolbt., 
Total 

Pressure 
admitted 
for one 
Stroke, 
per Cubic 
Pact 


Total 

ACTt;AL 

Work DONE 
by Steam of 

100 lbs., 
Total Initial 
Pressure, 
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(t) 

initial vol- 
umes: i. 

30 
3.1 
3-2 

3-3 

3-3S 

3.4 

3.5 

3-6 

37 
3.8 

3.9 

4.0 

4.1 
42 

4.3 
4.4 

4.6 

47 
4.8 

4*9 
5^ 

5-2 

5-4 

5-5 
5.6 
5.8 

5-9 
6.0 
6.3 

6.3 

6.6 

6.8 
7.0 
7.2 

7-3 
7-4 
7.6 
7.8 
8.0 


<>) 

percent 
28.7 

27.5 

26.4 

254 

2$jo or V 

24-5 
23.6 
22.7 
21.9 

31.3 
3014 

19.7 or Vs 
19.1 

18.5 
17.9 
17.3 

16.8 or »/6 
10.3 

15.8 
15-3 
14.8 

14.4 or V7 
13.6 

12.8 

12.5 or '/i 
12.1 

"4 

1 I.I or */9 

10.8 

laj 

10.0 or '/to 
9-7 

|.2 or 

8.3 or 
7-9 

77 or '/13 
7.5 

7.1 or '/,4 
6.7 or «/»5 
64or Vt« 


(3) 

1 18,820 
109,970 
121,386 
123,278 
134,066 
125,066 
126,125 
127,450 
128,860 
' 30,533 
131,800 
132770 
133,500 
134,900 

•35,555 
136,825 

138,130 
139,100 
139,800 
140,920 

141,210 

I43,tfo 

143720 
145,525 
14^325 
147,320 
•48,390 
148,940 

149,586 
150^^30 

151,370 
'52,033 

153,595 

153,810 

155,200 
156,330 
156,960 
157,560 

157,975 
158,414 

159433 1 


(4) 

cubic feet. 

12.14 
12.55 
12.95 

1335 

13- 56 
13.76 
14.16 

14- 57 
14-97 
•5.38 

15.78 
16.19 
16.59 
17.00 
17.40 
17.81 
18.21 
18.62 
19.02 
19.43 

19.83 

3a33 

21.04 
21.85 

22.25 
22.66 

2347 
2387 
24.28 

25.49 
25.90 
26.71 

27.52 

28.33 
29.14 

29.54 
29.95 
30.76 

3«-57 
3*38 


(s) 

cu. feet 

10.22 
10.46 
10.67 
10.83 

10.93 

1 1.00 

1 1.21 

n-43 
11.60 
11.78 

11.98 

12.19 

12.39 

12.60 

12.80 

• 301 

13.19 

13-38 1 

13.58 

13-79 \ 

14.01 1 

14.23 
14.64 
15.02 
15.20 

•5-38 
15.80 
16.01 
16.23 

16.83 
17.04 

•7.47 

17.89 

18.27 
18.64 
18.83 

19.01 

19.47 
19.93 
ao.31 1 


w 

pound. 

.082 
.080 
.077 
.075 
.074 
.073 
.071 
.069 
.067 
.065 

.063 
.062 
.060 
.059 
.058 
.056 
.055 
.054 
.053 
.051 

.050 

XH9 

.047 
.046 
.045 
.044 

.043 

.042 

.041 

•039 
.038 

.037 

.036 

-035 

•0343 

•0339 

•0334 

.0325 

^3«7 
1 «309 


(7) 

foot-pounds. 

9,785 
9,560 

9,372 

9.234 

9,149 
9,091 

8,961 

8,749 
8,621 

8489 

8,347 
8,203 
8,071 

7,936 
7,812 
7,686 

7,581 
7,474 
7,364 
7,252 

7,138 
7,027 
6,831 
6,658 

6,579 
6,502 

6,329 

6,246 

6,161 
6 01 i 

5,942 

5,868 

5,724 

5,590 
5473 
5,365 

5,311 
5,260 

5,136 
5,018 
4,923 


foot- 
pounds. 
67.9 
66.5 
65.2 
64.1 

63-7 
63.1 
61.9 
60.8 

597 
58.9 

57-9 
56.7 

55-9 
55' 
54.2 

53.3 

52.6 

51.8 
51.1 
50-3 

494 
48.8 
47.6 
46.2 

45-7 
45.0 
43-8 

43-2 

427 
41.9 

4»-3 

AD 7 

39.8 
38.8 
38.1 

37-3 
36.9 
36.5 
35-7 
34.8 
34.a 



given in the tablet appended to the table at pac^c 413, for pressures of from 
65 lbs. to 160 lbs. per square inch. For column 4, of the net capacity of 
cylinder per pound of steam expended in one stroke, the multipliers are 
simply die ratios of the volume of i pound of ioo*lbb steam to the re^ective 
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volumes of 1 pound of steam of other initial pressures. Thus, for steam of 
65 lbs. total pressure^ of which the volume of i pound is 649 cubic feet, to 
be compared with 4.33 cubic feet, which is the volume of a pound of lOo-lb. 
st'*am, the multiplier is— 

4.33 

and the net capacity of cylinder per pound of 65-lb. steam, when the steam 
is admitted for the whole of the stroke is 

4.05 cubic iieet (for loo-lb. steam) x 1.5 -6.07 cubic feet 

Appendix to Table Na 96. 

Tablet op Muitipubrs for Net CvLiNDBR'CAPAcmr, Steam ADMriTED^ 

AND Total Actual Work done. 



For Steam of other prcwim than too Ibt. per square ladi. 
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65 


•975 i 


1.50 


1-54 1 


.666 


•65 


70 


.981 1 


1.40 


1-43 1 


1 .714 


.70 


75 


.986 




1-33 


' .763 


•75 


80 


.988 1 


1.24 


1.25 1 


.806 


.80 


85 


.991 


1.17 


1.18 


.855 


•85 


90 


•995 


1. 1 1 


I.I I ' 


.901 


.90 


95 


.998 


1.05 


1.05 


•952 


.95 


100 


I.OOO 


I.OO 


I.OO 


I.OO 


X.00 


IXO 


1.009 


.917 


.909 


X.09 


x.xo 


1 20 


I.OtI 


.843 


.833 


1.17 


1.20 


130 


I.0I5 


.781 


.769 


1 1.28 


1.30 


140 


I.092 


•730 


.714 


1.37 


1.40 


150 


1.025 


.683 


.667 


1.46 


1.50 


160 


..03. 1 


.644 


.625 


1 '•SS 


1.60 



For column 5, of table No. 96, the net capacity of cylinder per 
100,000 foot-pounds; of total actual work done in one stroke, the capacity 
for other pressures is modified, in the first place, in the inverse ratio of 
the multipliers, as found for the tablet, pac;c 413, for lOO-lb. steam, and 
Steam of the given pressure; secondly, in the ratio of the volume of i pound 
of loo-lb. steam, to that of a pound of the given steam. For example, for 
steam of 65 lbs. total pressure per square inch, the weight of lOO-lb. steam 
to do a given total work, as compared with the weight of 65-lb. steam, 
is as .975 to IXXX^ and the volumes of a pound each of the two steams 
are respectively 4.33 and 649 cubic feet, or as 1 to 1.5 as already found. 
The values in column 5 are therefore to be increased in the compound 
ratio of _ 

▼okL ^ 
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.975 to I.OOO 
and I to 1.5 

or, combined, as .975 to 1.5, 
or as I to 1.54. 

The multiplier for 65-lb. steam is thus 1.54. 

For column 6» of the weights of steam per cubic foot of net capacity 
for one stroke, the weights given for loolb. steam are to be multiplied by 
the reciprocals of the multipliers for column 4, corresponding to other pres- 
sures. Thus, for 65-lb. steam, the multiplier is the reciprocal of 1.5, or 
.666. For column 7, of the total actual work done, per cubic foot of net 
capacity, for one stroke, the work given for loo-lb. steam is to be multiplied 
by the reciprocal of the multiplier for column 5, as determined for the given 
other pressure. Thus, for 65-lb. steam, the multiplier is the reciprocal of 
1.54, or .65. 

For the total actual work done per square inch of piston per foot of 

stroke, by steam of any other pressure, the values given in column 8, for 
lOO-lb. steam, are to be multiplied by the given pressure and divided by 

loa For 65-lb. steam, for example the multiplier is, in fac^ ^oo'^'^^ 

same as for column 7. Otherwise r^farded, the values in column 8 may 
be taken as percentages of the woric for steam as admitted for the whole of 

the stroke, whatever the initial pressure may be. 

It is apparent that the multipliers for columns 7 and 8, are simply equal 
to the respective total pressures divided by 100, since the multiplier for 
lOO-lb. pressure is taken as i. These multipliers must obviously be in tlie 
direct ratio of the pressures; and, of course, the multipliers for column 5 
must be in the inverse ratio of the pressures. 



Chapter III.— COMPOUND STEAM ENGINES. 

L INTRODUCTION. 

When it is designed to expand the steam used in the steam engine into 
several times its initial volume, a means of conveniently and effectively 
doing so, is the development of the expansion in a second cylinder, con- 
nected with the first, whence it may be exhausted into the condenser. 
Obviously, the expansion may be furtiier developed in a third cylinder, or, 
in short, in any number of cylinders successively. The combination of two 
cylinders for this purpose is known as a compound steam eag^e. 

The compound steam engine, consisting of two cylinders, is reducible to 
tvvo forms, in which, first, the steam from the first c\'linder is exhausted 
direct into the second cylinder, as in the Woolf engine; and, second, the 
steam from the first cylinder is exhausted into an intermediate reservoir, 
whence the steam is supplied to, and expanded in, tlie second cylinder, as in 
the "receiver-engine;" 
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To elucidate simply the leading principles of the compound engine, it is 
assumed that there is no clearance at either end of either cylinder; that 
tiiere is no frictional resistance nor other hindrance in the engine to the 
flow of steam ; that the pressure of expanding steam is inversely as the 
volume ; that the expansion of the steam is continued in both cylinders to 
the end of the stroke; and that in the second cylinder there is a perfect 
vacuum on the exhaust face of the piston. It is assumed, further, that no 
intermediate fall, or " drop " of pressure takes place between the first and 
second cylinders ; tliat is, that the initial pressure in the second cylinder is 
equal to the final pressure in the first cylinder; also, that there is no loss of 
steam by condensation within Uie cylinders. 

That the desired expansion from the first into the second cylinder may 
take place, the second cylinder is necessarily of greater capacity than the 
first, to afibrd room for the expansion of the steam. If the capacities of 
the cylinders were equal to each other, it is clear that the first cylinder-full 
of steam would only be transferred to another space of the same volume. 
No useful work would be done by this operation, for though the translated 
steam would press forwards on the second piston, according to its elasticity, 
it would likewise press backwards with equal force on the first piston, and 
so counteract itself. To generate useful work by expansion, therefor^ in 
exhausting steam from the first into the second cylinder, the second cylinder 
must be of greater capacity than the first. 

Taken generally, the work done by expansion into the second cylinder, 
is that due to the augmentation of volume of the steam in this, the second 
stage of its action, or to the number of times that the volume of the first 
cylinder is contained in the volume of the second cylinder; — ^in other words, 
to the ratio of expansion into the second cylinder. If there be no expan- 
sive working of steam in the first cylinder, so that the whole of the 
expansion is done in the second cylinder, then the work of the steam is 
calculated on the ratio of the volume of the second to that of tiie first 
cylinder. But, if the steam be cut off in the first cylinder before tlie end of 
the stroke, the total ratio of expansion is the product of the ratio of expan- 
sion in the first cylinder, into tiie ratio of the volume of the second to that 
of the first cylinder; in short, the product of the two ratios of expansion. 

For example, let the areas of the first and second cylinders be in the 
proportion of i to 3>^, the strokes being equal; the capacities are in the 
same proportion, and the ratio of expansion from the first into the second 
cylinder is 3^. Further, let the steam be cut off" in the first cylinder at 
half-stroke, or so as to expand the steam to twice its initial volume when 
the stroke is completed, tlien the ratio of expansion in the first cylinder 
is 2, and the total or combined expansion of tiie steam in die two cylinders 
is {$}4x2—) 7 times the initial volume; The ratios may be formulated 
thus:— > 

Expansion in the ist cylinder, i to 2 

Do. do. 2d do I to 3^ 

Total or combined expansion, the product of the two latios,... x to 7 



Digitized by Google 



420 



PRINCIPLES AND PERFORMANCE OF STEAM ENGINES. 



n. WOOLF STEAM ENGINE^ WITHOUT CLEARANCE. 

To trace the pressure and the expansive action of steam in compound 
cylindeis, begin with the simplest engine, — ^the Woolf engine, — ^in which 

the cylinders are side by side, and the pistons move simultaneously, in the 
same direction. The first and second cylinders, a and B, in the example^ 
h^. i66, are in section; they have the same Icng^th of stroke, and their areas 
and capacities are as i to 3. The pistons, a and /^ are shown to have 
arrived at the end of their downward strokes. The steam that occupied 
the first ^linder, below the piston, has been exhausted firom the lower end 
of that qrlinder into the upper part of the second cyliadtr, above die second 




fflff. 16S.— Wooir Eaginc. widiMt CtonuHe: Ideal Dngnun «r Action stStetau 



piston, as indicated by the arrows. At the same time, fresh steam has been 
admitted into the first cylinder, during one-third of the stroke, and expanded 
above the piston to the end of the stroke. These movements of the steam 
are indicated by the diagrams traced above the pistons, which represent the 
graduated pressures of the steam in both cylinders during the downward 
stroke of their pistons. The period of admission in tlie first cylinder is 
measured by C(/, one-third of the stroke c/; and the diameter of the 
cylinder wr, is adopted as the measure of the total initial pressure of the 
steam admitted, whilst the side of the cylinder, mn, equal to the lengfth of 
the stroke is the base, or vacuum line^ of the diagram of pressure. The 
piston moves on from dto/, whilst the steam expands bdiind it; and the 
diminishii^ expansive pressure is indicated by the expansion-curve d^; the 
terminal pressure of the steam being measured by tiie ordinate fi^. The 
shaded area thus defined shows the variations of pressure upon the advancing 
piston thoughout the downward stroke. At the end of the stroke, the 
steam above the piston, havint^ the final pressure //^, is exhausted into the 
lower end of the second cylinder. By the upward strokes of the pistons, the 
whole of the steam in tiie first cylinder is transferred to and is made to 
occupy the second cylinder, bdow tiie second piston, enlarged in volume in 
proportion as the capacity of the second cylinder is greater than that of the 
first The pressure, according to the hyperbolic law, is reduced in the same 
ratio; and, as against the first piston, it follows the expansion-curve of back- 
pressure, ^A, of which — 
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the final exhaust-ordinate mh^ 

is to the initial exhaust-<»dinate al die commencement of the upstroke, 
as the c^)acity of the ist cylinder, 
is to the capacity of the ad cylinder. 

The expansion-curve of positive pressure, exerted simultaneously below 
the second piston, during; the up-stroke, is, as before explained, identical 
with the curve of back>pressure in the first cylinder. For the down-stroke, 

also, the expansion-curve of positive pressure, represented by il\ is an exact 
counterpart of ^i^h, the expansion-curve in the first cylinder, supposing that 
the distribution and the pressure of the steam are the same for both ends of 
the cylinder. The curve ik shows, in i'act, tlio pressure exerted by the 
continued expansion of steam into the second cylinder from the lower end 
of the first cylinder; the initial pressure oi in the second cylinder bdng 
equal to the Anal pressure in the first cylinder, and the final pressure Ik 
in the former being equal to mh, the final exhaust-fMressure in the latter. 

With the data supplied by the diagrams of pressure, the work done 
by the steam in the two cylinders may be calculated. To find the effec- 
tive work in the first cylinder, the area of back-pressure, ^i^m, is deducted 
from the area of total pressure, nc\ the remainder, ghcd, is the effective 
area of pressure for a stroke of the first piston. In the second cylinder, 
the areai of pressure, fV, measures the effective work iot a stroke of the 
second piston. 

It nnay now be shown how to find the pressure at intermediate points of 
the curve of expansion,^'-//, into the second cylinder; <7L is the capacity of 
the first cylinder, and R"VzL is the volume by expansion, when the part of 
the stroke s has been described. This volume consists of portions of the 
two cylinders, namely, of the first cylinder, the portion a (L— or the 
area multiplied the part of the stroke remaining to be described; and, 
of the second cyUnder, the portion a*s, or the area multiplied by the part 
of the stroke already described. And, 

R^'a L a (L - 0 tf*/ « a L + (a' - ) X. 

Tnuisposiiis* 

(R'"-i)<iL«(«'-a)«^ <i) 

and 

,.&)£t (2) 

a -a 

That is to say, for a given ratio of expansion, the part of the stroke des- 
cribed is equal to the capacity of the first cylinder multiplied by the ratio 
(rf* expansion minus I, and <Uvided by the difference of the areas of the 
qrlinders. 

The ratio of expansion, R'", for a given part of the stroke described, is 
deduced from the equation ( 2 ), thus: R'"— i » ^T^f ; and, 

R-=, + (^-^ (3) 
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by aL, 



1 + 



That is to say, the ratio of expansion is equal to the product of the difference 
of areas and llie part ct the stroke docribed, divided by the capacity of the 
first cylinder, i being added to the quotient 

The pressure F, at any given point of the stroke is symbolically 
P P 

P=^r:r— j » ^"*^» multiplying the numerator and denominator 

alT 

P' = Px^j_f^-^ (4) 

That is to say, the pressure at any given point of the stroke of the second 
cylinder is found by multiplying the initial pressure by the capacity of the 
first qrlindeTt and dividing the product by the sum of this capacity plus the 
product of the difference of areas by the part of the stroke described. 

Note. — Where there is clearance, or any other intermediate space between the two cylinders, 
it is to be reckoned in puts of the stroke and added to the values of L for the stroke and tlie initial 
capacity, and x as the meunre of the expanded Tolmne. 

For example, taking the areas of the first and second cylinders as i and 
3, the stroke as i, and the initial pressure = 21 lbs., then a = i, 3, and Ls i. 
For half-stroke* '—.51 and the pressure at half-stroke of the second piston 
is^ by formula (4), 

' laslbs. 



X — 



« — s» 21 X 

(ixi) + (3- i).s i + i 



Now, suppose the base »in, or the stroke of the piston d, fig. 166, to be 
divided into 10 equal parts, as in the annexed figure, 167, and that the 
initial pressure, is 21 lbs. The values of s, or the parts of the stroke at 
the successive points of division, taking the stroke = i, are 

o, .1, .2, .3, .4, .5, .6, .7, .8, .9, i.o; 

and the pressures by expansion at each point of the stroke supposing that 

there is not any clearance, are, 

31, 17.5, 15, 13.1, 11.7, IO.S, 9.5, 8.7, 8.1, 7.5, 7 lbs. per sq. inch; 

or, putting the initial pressure » i, tfaey are relatively as 

z> -833, .714, .635, .555, .500^ .455t *4i7* -3851 357> -333- 

Let diese relative pressures be set off successively on ordinates raised 

from the points l, 3, 3, &c., the initial ordinate 
w^if being taken as i, whilst the final ordinate 
m/i is .333, then the curve ^'■/i traced through 
the ends of these ordinates is the expansion- 
curve for the stroke of tiie second cylinder; and 
is also the curve of back-pressure on the first 
I^ston. 

On comparing the proportional pressures 
in the last line with those calculated for an 

ordinary hyperbolic curve of expansion, — the final ratios of expansion 
being the same in both cases, namely 3, — it is plain that the proportional 
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pressures are the same in the two cases, varying from i to .333. The 
identity of the descending scales of pressure goes to show diat the 
expansion^curve of die second cylinder, generated from the combined 
movements of two pistmis, is hyperbolic in principle; Moreover, an anal3^s 
of the formula (4), by means of which the curve, fig. 167, was formed, 
proves that the one is the same in principle as the other. 

III. WOOLF ENGINE, WITHOUT CLEARANCE— IDEAL DIAGRAMS. 

The diagrams of pressure of the VVoolf engine arc produced in fig. 168, 
as they would be described by the indicator, according to the arrows. In 
these ideal diagrams, is the atmo- 
spheric line, mn the straight line of perfect 
vacuum, cd the straight line of admission; 
the terminal lines, mc and n^, straight 
and perpendicular to the atmospheric 
line, t/^ the hyperbolic curve of expansion 
in the first cylinder, and the consecu- 
tive expandon-line of back-pressure for 
die return-stroke of die first piston, and 
of positive pressure for the steam-stroke 
of the second piston. At the point ^, 
at the end of the stroke of the second 
piston, the steam is exhausted into the 
condenser, and the pressure falls to the 
level of perfect vacuum, wn. 

The diagram pertaining to the second cylinder, below the curve ^A, b 
characterized by the absence of any specific period of admission; the whole 
of the steam-line being expansional, generated by the expansion of 
the initial body of steam contained in the first cylinder into the second. 
But the initial volume — the volume of the first cylinder — is gradually 
reduced by the advancing mcn ciTient of the first piston, by which the initial 
steam is gradually driven into the second cyhnder; until, when the stroke 
is completed, the whole of the steam is transferred from the first, and is 
shut into the second cylinder. The first qrlinder, dien, acts as a collapsible 
head to the second cylinder, for each steam-stroke of the latter; the second 
cylinder being, at the beginning of the stroke, augmented by the capaci^ 
of the first; and at the end of the stroke, reduced to its normal dimensions. 
The final pressure and volume of the steam in the second cylinder are, 
consequently, the same as if the whole of the initial steam had been 
admitted at once into the second cylinder, and then expanded to the end 
of the stroke in the manner of a single-cylinder engine; the hypothetical 
period of admission in the second cylinder being such a fraction of the 
stroke as would represent the ratio of the volume of die first cylinder, 
which is die volume of the steam admitted, to that of the second cylinder. 

It may be added that the net work of the steam is also the same, 
according to both distributions. To prove this equality of work, let the 
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diagiam gkmn^ fig. 169, be that of the second cylinder, and set off ftn^ on 

the same base-line, *««, equal to one-third of the base-line, to represent 
proportionally the capacity of the first cylinder. Then the extended base- 
line n'nm represents the augmented capacity of the second cylinder, at the 
beginning of the stroke; of which the augmentation n n represents the 

volume of the initial steam, of the pres- 
sure fig\ The augmentation i^ii is^ as 
was said, gradually reduced by tiie ad- 
vancing piston of the first qrltnder, 
which may be conceived to move from 

"p|,.,«9.-w«tfBii,bi.VEiq«-lwW«««» the position to the position ng, 

uniformly with the second piston in 
describint^ its stroke nvt\ so that, when the stroke is completed, the aug- 
mentation is eliminated, and the second cylinder returns to its normal 
capacity, measured by its base nm. Now, set off nti* equal to <me>tiiird 
of the base-line »««, and draw the perpendicular fC^\ then nit represents 
the initial volume of the steam, or the period of admission, supposing tiiat 
it had been admitted at once into the second cylinder, before expansion 
commenced, and n" g" is the pressure when cut off. This volume would 
have expanded to three times itself, or the capacity of the second cylinder, 
and to the final pressure ;////, which is one-third of the initial pressure n" g" 
or ng\ and the hyperbolic curve g"h would have been the expansion-line. 
It is obvious that the two curves of expansion and g"h^ the actual and 
the h3^thetical, are identical, in so far that they have the same initial and 
the same final pressures, and Aat the intermediate pressures at propor- 
tional intervals are therefore, as has already been found, measured by 
ordinates of the same length. In so far, also, the curve of back-pressure, 
g'h\ exerted on the first piston whilst the second piston describes its stroke, 
is identical with the two others. The actual cur\'es, gh and g k, may be 
defined as an elongation and a compression respectively of the true hyper- 
bolic curve g'lu 

From the identity of the three expansion -curves, gh^ /'h, ffH^ in the 
sense just defined, it follows that the hyperbolic areas comprised between 
them and their bases are in die ratio of the lengths of base respectively, 

or as nm, n'vi, n'n, which are as 2, 1 ; and the rectanc^les over these bases 
respectively are also as 3, 2, i. The differences, therefore, of the rectangles 
and the hyperbolic areas are likewise as 3, 2, i ; and further, the third 
difference, which is as i, is equal to the difference of the first and second 
differences^ since 3-2^1. That is to say, tiie tiuid difference^ or the area 
g'gHt is equal to the difference of the first and second differences or areas, 
g£f"ht znd^f'gfh^ that is, it is equal to the area^^^ compriised between 
the first and second expansion-lines. Now, the area g'gh' represents the 
uncounteracted useful work in the first cylinder, due to the fall of the back- 
pressure which accompanies the expansion into the second cylinder; and, 
according to the hypothetical distribution, it would be eliminated from the 
first cylinder, where the initial back-pressure would be maintained through- 
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out the stroke, and replaced by the area gs 'lt^ its equivalent of useful work, 
in the second cylinder; or, the work of the stroke of the second cylinder, 
measured by 

the dxtMihrnn-k-^gX, acoordii^ to the actual distributioii, 

is equal to the woric measured by 

the maig^'hmn, according to the hjrpothetical distributioii. 

The identity of net woric thus proved is also shown clearly by con- 
structing a combined diagram, with a continuous expansion-line, by piecing 
the first upon the second of the two diagrams, fig. 168, page 423, represent- 
ing the work as if it were done in one cylinder equal in capacity to the 
second of the compound cylinders. For this purpose the first diagram is 
to be contracted to a length bearing the same proportion to the length of 
the second diagram that the volume of the hrst cylinder bears to that of the 




1%. 17a— Woolf Engine:— Ital Diagnaih Fi^ 171.— Woolf Encine:— Ideil DiapuH, 

reduced. combined. 



second cylinder — in this example, one-third. It is necessary to do so in 
order to reduce the two elements of the combined diagram to the same 
horizontal scale. When the strokes of the cylinders are equal to each 
other, the capacities are in the simple ratio of their areas. In this example, 
therefore, the length of the first diagram is to be reduced to one^third of the 
length the second. For this purpose^ let^Amir, fig. 170, annexed, be the 
diagram from the second cylinder, over which the original diagram from 
the second cylinder is shown in dotting. Draw ^g" parallel to the base, 
and m/ic perpendicular to the base, equal to the height of the first diagram; 
set off" ^"g"" equal to one-third of the base, and upon this reduced base^'"^" 
complete the first diagram cdg \ by drawing cd parallel to the base, and 
equal to one-third of it, and the expansion-cunre dg'. For the lower part 
of the figure, the line of back-pressure g"A may be described by the method 
of ordinates, repeated from the curve g/i. Thus the contracted diagram 
edg"h is completed. To combine the first diagram, thus reduced to uni- 
formity of scale, with the second diagram, let again ghmn, fig. 171, annexed, 
be the second diagram, and describe the hrst diagram as reduced, in a 
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reversed position ed^K , at the head of the second diagram, the same liters 
of reference being used. Finally, continue the hyperfooltc expansion* 
line dg^ to the end of the stroke at A, Then the area g£'"A, is equal to 
the area "A', and, when substituted for it, completes the rcg^ular indicator 
diagram cdhmn, with a continuous expansion-line dg'h. The substitution 
is, in fact, necessary, since the lower part of the first diagram partly overlaps 
the second diagram. 

According to this combination, die upper part of tiie diagram, fig. 171, 
above the curve gk^ namely, edhgt represents the diagram as contracted, 
for the first cylinder: modified in form, but unaltered in area; and the lower 
part, below the curve gh, remains unaltered, both in form and in area, as 
the diagram for the second cylinder. The combined diagram, as a whole, 
exactly measures the whole net work done in both cylinders, and is such as 
would be formed by admitting and expanding the same quantity of steam 
in one cylinder having the dimensions of the second cylinder, with the 
period of admission, cd^ equal to one-third of the capacity of the first 
cylinder, or one-ninth of the capacity or the stroke of the second C3dinder. 

It follows further, that the work eflTected by expansion into the second 
cylinder of the VVoolf engine — that is, the total work arising from expansion 
against the second piston, plus the gain of work in the first cylinder by the 
gradual reduction of back-pressure in accordance with the expansion — is 
equal to that which would be effected by delivering the whole of the steam 
into the second cyhnder before ocpansion is OMnmenced, as in the recdver- 
ei^ne. By this distribution, the upper part of the comlnned diagram, 
fig. 171, cut <^ by the horizontal line g^^ would measure the net work of 
the first cylinder, as there would be a uniform back-pressure equal to ng 
on the piston ; and the lower part of the diagram, below gg", would mea- 
sure the work of the second cylinder, witli a period of admission equal to 
gg" — the capacity of the first cylinder at the pressure ng — and with expan- 
sion to the end of the stroke. 

To exemplify the foregoing conclusion^ under the conditions originally 
stated, suppose that the steam is admitted to the first cylinder at a total 
initial pressure of 63 lbs. per square inch; that the areas of the first and 
second cylinders are respectively i and 3 square inches, and that the 
common length of stroke is 6 feet. The steam being cut off in the first 
cylinder at one-third of the stroke for the period of admission, cd, fig. 170, 
it is expanded to three times its initial volume, and to one-third of the 
initial pressure, namely, ng^ equal to 21 lbs., at the end of the stroke. 
The steam is admitted to the second cylinder at the same pressure, ng^ 
and is expanded there to three times the vdlume it acquired in the first 
cylinder, or to 3x3=9 times the initial volume in the first cylinder. At 
the same time^ the pressure is reduced in the second cylinder to one-third 
of the final pressure in the first cylinder, or to one-ninth of the initial pres- 
sure there, namely, to 7 lbs. })er square incli, measured by mh, fig. 170. 

To calculate, from these data, the work for one stroke of the engine: — 
For the period of admission in the first cylinder, the total work is equal to 
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inc X cd=6s lbs. x 2 feet= 1 26 foot-pounds; and for the whole stroke of the 
fifst cylinder, the total work is, 

126 X (i + hyp Ic^ 3) = 126 X (i + 1.0986) = 264.4236 foot-pounds. 

For the second cylinder, the work done is measured by the area of the 
diagram ghmn, fig. 170, and repeated in fit^. 171. The area cannot be 
calculated directly on the hyperbolic principle, for the line of pressure, 
gh, is not a true hyperbolic curve; it is, as before stated, a hyperbolic 
curve elongated or stretched out, as abown in fig. 169 (p. 424), in whidi 
the actual curve is an elongation of the hyperbolic curve ^"A. Now, as 
the areas covered by these curves are proportional to their bases mn and 
m$f^ or as 3 to 2, the first may, by means of this ratio, be found from the 
second, which is thus calculated on the hyperbolic rule: — The period of 
admission relative to the hyperbolic curve 7^ is ;///", which is one-third of 
the whole base nin \ and the ratio of expansion is, therefore, 3. The initial 
pressure «^ being 21 lbs. per square inch, the total initial pressure on the 
second piston is 21 lbs. x 3 square inches =^ 63 lbs.; and the work done during 
tiie h3rpothetical admission is 

nn" X {ng x 3) » « feet x 63 lbs. = 126 foot-pounds. 

The work done during the hypothetical expansion, under the hyperbolic 
curve represented by the area^"A««", is, in terms of this initial work, — 

ia6 X hyp Jog 3* ia6 x 1.0986 = 138.4236 foot-pounds; 

and the work done under the actual expansion-curve gk is found by increas- 
ing the last product in the ratio of the base mtt to the base mn^ thus, — 

mii' : mn : : 9 : 3 : : 138.4336 : 907.6354 foot-pounds, 

which is the work done for one stroke in the second cylinder. 

The work of the back-pressure on the first piston, measured by the same 
diagram ghmn^ is to be deducted from the positive work done on the 
second piston ; and the remainder will be the net work done by expansion 
into the second cylinder. It is calculated by the same method as that 
employed for finding the positive work; and it is just one-third of the 
work on the second piston, or 69.2118 foot-pounds, since the two works 
must be in the ratio of the capacities of the first and second cylinders. 
Then, the net work by expansion into the second cylinder, is two-thirds 
of the total work; or it is, — 

207.6354 - 69.21 18 = 138.4236 foot-pounds. 

Addinj^ together the total work of the first cylinder and the net work for 
the second cylinder, the sum is, — 

264.4236 + 138.4236 » 402.8472 foot-pounds, 

for one stroke of the two cylinders. 

It may be observed that the net work by expansion into the second cylinder 
is obtained by taking three-halves of the work by hypothetical expansion. 
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and then deducting, for back-pressure on the first piston, one of these halves^ 
showing that the work by the hypothetical expansion is equal to, and may 
be adopted as, the net work by the actual expansion,— so abridging the 

calculation. 

But, the work of the compound engine may be calculated independently 
from the combined diagram, fig. 171, page 425 ; regarding the upper part 
of the figure, above the line^", as the net work of tiie first cylinder, accord- 
ing to the equivalent distribution mentioned at page 426, where the action 
is compared to that of a receiver-engine; and the lower part; below as 
the work of the second qrlinder, with a period of admission equal to 
and an expansion to the end of the stroke. For the first section, the total 
work, over the base ;;;/", is calculated, and the work of the pressure, ng, as 
back-pressure, on the same base, is deducted from it to give the net work. 
Now, the total pressure, nc, calculated on the area of the second cylinder, is 
63 lbs. X3 square inches = 189 lbs.; and the period of admission, cd, is one- 
ninth of tiie stroke, or foot The total initial work is^ then, 189X ^ 
« 126 foot-pounds, and the total work, with an expansion of three times 
for the stroke ^^"i 2 feet; is 

136 X (i + hyp log 3) = 364.4236 foot-pounds. 

The work of the back-pressure, ng, or (2 1 x 3 = ) 63 lbs., into the stroke, or 
2 feet, is (63 lbs. X 2 feets) 126 foot-pounds^ and the net work, above the line 
gg^^ is (2644236— 126s) 1384236 foot-pounds. 

For the second section, according to the equivalent distribution, the 
initial work is equal to that of the back-pressure on the first piston, which 

has just been calculated, namely, 126 foot-pounds; and the work for an 
expansion of three times, through the stroke, nm, is found by what is only 
a repetition of the calculation for tlic upper section, to be 2644236 foot- 
pounds. 

The sum of the two sections b the total net work of the two cylinders; 
thus: — 

Upper section, 138.4236 footpounds. 

Lower section, 264.4236 „ 

Total net work, 403.8473 „ 

Otherwise, the combined diagram, fig. 171, represents the whole of the 
work as if it were done in one cylinder equal in capacity to Uie second 
cylinder — assumed, in this instance, to have the same diameter and stroke. 

The period of admission, cd, is one-ninth of the stroke, or (6^9 = ) ;< foot; 
the initial pressure being (63 x 3 = ) 1S9 lbs., and the initial work (189X ^ — ) 
126 foot-pounds. The whole work of the stroke is, therefore, 

i26x(i+hyp log 9)= 126 X 3.1972 =403.8472 foot-pounds; 

the same as was calculated when the cylinders were taken separately. 

IV. RECEIVER STEAM ENGINE, WITHOUT CLEARANCE. 
The hypothetical distribution which has been described for the Woolf 
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engine, according to which all the steam with which the second cylinder is 
charged, is supposed to be admitted into the second cylinder before 
expauision begins, is that whidi would take place in the ideal receiver- 
engine^ — the second general combination of the compound engine^ — in 
whidi the pistons of the two flinders are connected to cranks at right 
angles to each, other, on the same shaft, with an intermediate receiver. The 
receiver is occupied by steam exhausted from the first cj lindcr, and it sup- 
plies steam to the second cylinder, in which the steam is cut off and then 
expanded to the end of the stroke. On the assumption that the initial 
pressure in the second cylinder is equal to the final pressure in the first 
cylinder, and, of course, equal to the pressure in the receiver, the volume 
cut off in the second cylinder must be equal to the volume of the first 
cylinder, for the second cylinder must admit as much steam at each stroke 
as is discharged from the first cylinder. 

For illustration, suppose, again, that the areas and capacities of the first 
and second cylinders, with the same length of stroke, are as i to 3, and that 
the steam is cut off at one-third of the stroke, and equally expanded in both 
cylinders, the ratio of expansion in each cylinder being thus equal to the 
ratio of the capacities of the cylinders. With this distribution, the volume 
admitted to the second cylinder is equal to the volume discharged from the 
first cylinder, and there is no intermediate fall of pressure. 

Let A and B, fig. 172, be the first and second cylinders in section, in which 




rif. ifK— lt««ii*«>>Eai||M:— Idvl Acdon oTSlcn. 



the first piston a has arrived at die end of tiie down^troke, and die second 
piston d has made half of Its down-stroke; and let c be the intermediate 
receiver. The steam from the boiler is admitted to the first cylinder during 
die period C(/, one-third of the stroke, when it is cut off and expanded to 
the end of the stroke, according to the expansion-curve (i^, with a final 
pressure measured by n^. At the same time, steam of a pressure equal to 
has been exhausted from below the first piston into the receiver; and 
the steam now above the piston will be likewise exhausted during the 
return up-stroke^ at the same constant pressure into the reservoir, as 
indicated by the exhaust-line j-A, parallel to die base of the diagram mn. 
In the second cylinder, steam from the receiver has been admitted at an 
initial pressure oi, equal to the final and exhaust pressure ng^ in the first 
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cylinder, and for a period of admission 1 1*. equal to that in the first cylinder, 
or one-third of the stroke; thence it is expanded to the end of the stroke^ 
following the hyperbolic curve ik, with a final pressure Ik 

V. RECEIVER-ENGINE, WITHOUT CLEARANCE — ^IDEAL DIAGRAMS. 

Reproducing these ideal diagrams of pressure in fig. 173, in juxtaposition, 
draw pq, the atmospheric line. Then, cd is the line of admission, and kg 
the exhaust-line for the first c> Under, both of them being parallel to the 




atmospheric line; and dg is the expansion-^urve. In the n^taa below the 
exhaust-line of tiie first cylinder, between it and the line of perfect vacuum, 

the diagram of the second cylinder is formed; hi, the second line of admis- 
sion, coincides with the cxhaust-line //^ of the first cylinder, and it is thus 
shown that, in the ideal diagrams, there is no intermediate fall of pressure. 
The line of perfect vacuum, of, is parallel to the atmospheric-line, and ik is 
the expansion-curve. The arrows indicate the order in which the diagrams 
are formed. 

In the action of the receiver-engine, as above described and illustrated, 
the expansive working of the steam, though clearly divided into two con- 
secutive stages, is, as in the Woolf engine, essentially continuous from the 
point of cut-off in the first cylinder to the end of the stroke of the second 
cylinder, where it is delivered to the condenser; and the first and second 
dia(:;rams may be placed together and combined to form a continuous 
diagram. For this purpose, take, as was done for the Woolf engine, the 
second diagram as the basis of the combined diagram, namely, hiklo^ 
fig. 174, adding the atmospheric line pq. The period of admission, hi^ is 
one-third of the stroke, and as. the ratios of the cylinders are as i to 3, hi 
is also the proportional length of the first diagram as applied to the second. 
Produce cli upwards, and set off oc equal to the total height of the first 
diagram above the vacuum-line; and, upon the shortened base and the 
height he, complete the hrst diagram with the steam-line cd, and the 
expansion-line di. 
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By this construction, the regular indicator diagram cdklo is formed, as 
applied to the second cylinder, and it measures the whole net work done 
in both (^linden: — ^the upper section, edik^ being the measure of the net 
work done in the first cylinder, and the lower section, hiklo^ being Uie 
measure of the work of the second cylinder. 

Resuming the data supplied for exemplifying the Woolf engine, with 
reference to the ideal diagrams for the receiver-engine, fig. 173, let the 
areas of the hrst and second cyUndcrs be respectively i and 3 square inches, 
the stroke 6 feet, and the initial pressure in the first cylinder 63 lbs. per 
square inch. The stoun being cut off at one-diird of the stroke of the first 
qrlinder, tiie final pressure is 21 lb&, and the total initial work therein is 
equal \o oc'X€d^^% lbs. x 2 feets 126 foot-pounds; for the whole stroke the 
total work is 

ts6 X (i •fhyp kg 3)— is6 x s.o986» 364.4936 foot-pounds, 

the same as was found for the Woolf engine. For the second cylinder, the 
initial pressure is 21 lbs. x 3 square inches s 63 lbs., and the initial work is 
represented by ^ A x which is equal to (63 lbs. x 2 feet«) 126 foot-pounds. 
For the whole stroke; the total work b 

126 X (t 4* hyp log 3) = 196 X 2.0986 = 264.4236 foot-pounds. 

The work of the back-pressure, oh, on the first piston, which is continued 
for the whole of the stroke, is to be deducted from this total work; it is 
represented by the rectangle ohy.hg, equal to (21 lbs. x6 feet = ) 126 foot- 
poum^ Then (264.4236— 126=) 1 38.4236 foot-pounds is the net or effec- 
tive work for the second cylinder for one stroke. This^ the work for the 
second cylinder, is to be added to the work for the first cylinder, and the 
sum, 402.8472 foot-poundSk b the united work for one stroke of the two 
cylinders. 

This is the same quantity of work as was calculated from the Woolf 

diagrams. 

It is obvious that the two combined diagrams, figs. 171 and 174, pages 
425 and 430, are identical in form and development 

The thuree calculations of work for one stroke of the two cylinders, thus 
made independently of each other, may be brought together for comparison 
as follows:— 

Idbal Woolf Diagrams (fig. 170, page 425). 

First Cylindtr: Initial work, 63 lbs. x 2 feet= 126 foot-pounds, fcot-pooadt. 

Total work for whole stroke^ 196 x (i -«- hyp log 3) 964.4236 

Seamd CyUmkr: 138.4936 x 3/. - 207.6354 

Deduct for back-pEeasnie on the fiist {niton, 
one»thiid 69.2118 

Network 138.4236 



Work for one stroke of the two cylinders 



402.8479 
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Ideal Receiver Diagrams (Bg. 173, page 430). 

First Cylinder: Initial work, 63 lbs. x 2 feet= 126 foot-pounds. 

Total work for whole stroke, 126 x (i +hyp log 3) 364.4236 

Suxmd Qflmder: Initial work, ti lbs. x 3 square inches x a feet* 126 foot* 

pounds. 

Total work for the whole stroke, i26x(x-i- 
hyp log 3) ^ 264.4236 

Deduct for back pressure on the first piston, 
31 lbs. X 6 feet = 136.0000 

Net work 138.4256 

Work for one stroke of the two cylinders 402.8472 

Ideal Combined Diagrams (fig. 171, page 425, and fig. 174, page 430). 

Sm^ CySnder: Equal in capacity to the second cylinder. 

Initial work, 63 lbs. x 3 square indies x .666 foot 

(Vs stroke) 1 26 foot pounds. foot-pounds. 
Work for the whole stroke, 126 x (i +hyp log 9) = 403.8472 

These calculations prove that, under the given condition^ when there is 
no intermediate fall of pressure, the perfonnance of the steam is exactly the 
same, whether expanded direct from the first into the second cylinder, or 
through an intermediate receiver; and that the performance of both is 
identical with that of tile same steam when expanded in and passed through 
one cylinder equal in capacity to the second cylinder; that, in fine, the 
perfonnance of the steam is regulated simply by the initial pressure^ and by 
the ratio of the total expanaon bdiind a fuston or pistons. 

VI. WORK OF THE WOOLF ENGINE, WITH CLEARANCE. 

The elementary principles on which the work of compound cylinders is 
to be estimated having been ascertained, it remains to introduce the element 
of clearance, and to find in what manner it modifies the conclusions above 
deduced from the distribution ^ steam without any clearance For the 
purpose of this discussion, 7 per cent of dearanoe is assumed. 

To begin with the Woolf engine, let the annexed fig. 175 represent 
the diagrams of pressure from the first and second cylinders of a Woolf 
engine having the same dimcnsion.s, proportions, and letters of reference^ 
as in the preceding examples, with the addition of a clearance at each end 
of the first cylinder, measured by cc or /;////', equal to 7 per cent of the 
stroke, or .42 foot The rectangular clearance space cdnim^ measures the 
passive work of the clearance or the product of the pressure mc by the 
period of the clearance cc! 

As the steam is cut off at a third, or 35^ per cent, of the stroke^ the 

1 00 -4- 7 

actual ratio of expandon is — ^ ' = 2.653. initial pressure being 

33/3 7 

63 lbs., as before, the final pressure, ng^ is -^^ 23.75 lb&; and the 

2.053 
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final volume, taking the working capacity of the first cylinder as i, is 
I + (7 per cent), or 1.07. If there be no more clearance, or no inter- 
mediate space, between the first and second cylinders, the initial volume for 
expansion into the second cylinder is 1.07; and the final volume is 3. The 

ratio of expansion in it is, therefore, y^ss2.804; and the final pressure, 
mAf is -^'^ s8.47 ^ square inch. 

2.O04- 

In view of these pressures, it is apparent that, whilst tlie work of admis- 
sion during the period cd is.the same as it was when there was no clearance 




Fi«. 175.— Woolf Enjim:— : 



namely, 126 foot-pounds, the work by expansion is greater, for the final 
pressures are respectively as foUow8>— 



with no Oeanincc. 



With Clearance. 



In the first cylinder 21 lbs. per sq. inch. 23.75 lbs. per sq. inch. 

In the second cylinder 7 „ „ 8.47 „ „ 

To trace, as before, the equivalent distribution for the second cylinder, 
let the base nm, fig. 177, be the length of stroke or volume of the second 
cylinder; »V the rdative stroke or 
volume of the first cylinder, reduced for 
tihe same area as tiie second cylinder; 
and n"'n the clearance in the first cylin- 
der, also relatively reduced. Then the 
base nn"n is the capacity plus the 

clearance of the first cylinder, or the Fl». tw-Wodf BBi*.«-l 
initial volume for expansion in the second cylinder; and the base «"'«w, 
comprising the capacity of the second cylinder plus the clearance of the 
first cylinder, is the final volume by expansion. Set off nif^ one-tiiird of 
the volume of tiie second cylinder, being equal to «'«"', the capacity of 
the first cylinder, and draw the perpendicular n"g"\ the volume n"'nn'' is 
equal to the volume ti'u"n, and the hypothetical expansion -curve ^"//, 
ending at the final pressure mh^ would have been described if the steam 

Vol. I. >• 




V19 AdioB. 
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had been admitted at once into the second cylinder, when the period of 
admission would have been gg\ 

FoUoMnng out the same argument as that which has aUready been 
applied to the diagram without clearance, the combined diagram, fig. 176^ 
is readily constructed: forming a complete continuous diagram, cdkmn, 
which exactly measures the whole net work done in both cylinders, and is 
such as would be formed by admitting and expanding the same quantity of 
steam in a sin;^'Ic cylinder having the dimensions of the second cylinder. 
But with tliis modification, that the clearance, measured by c'c, hg. 176, has 
the same volume as the clearance measured by cc, in die first cylinder, 
and has only a third of 7 per oent^ or 2% per cent^ of the stroke and the 
capacity of die second cylinder. 

If, therefore, it were practicable to construct the compound engine so 
that there should not be any intermediate clearance, the employment of a 
smaller cylinder, as a prefix to a given cylinder, for receiving the charge of 
steam to be expanded through both cylinders, would have the effect of 
reducing the percentage of end-clearance, measured in parts of the larger 
cylinder. But it is not practicable to do so; and it remains to trace the 
influence of intermediate space combined with the initial clearance of tiie 
first cylinder, on the action and work of the steam in the second cylinder. 

Take four cases, and suppose that the volume of the intermediate spacer 
including what is technically the clearance of the second cylinder, is a 
simple fraction of the capacity of the first cylinder plus its clearance, 7 per 
cent, or of 1.07 times the capacity of the first cylinder, as follows; — 

for the 1st, 2d, 3d, 4th case, 
the intermediate spaces are^ 

o, K' part of the capacity of the first 

cylinder plus its clearance; or they are, 

O, .357, .535, 1,07 of the capacity of the first cylin- 

der. Add to these 1.07, the capacity of the first cylinder plus its clearance; 
and the sums are the total initial volumes for expansion in the second 
cylinder, 

1.07, 1427, 1.605, 2.14, times the capacity of the first 

cylinder. Again, to the same values of the intermediate space, add 3, the 
capacity of the second cylinder; and the sums are the final volumes by 
expansion in the second cylinder, 

3-0. 3-357» 3-53S» 407 times the capacity of the first 
cylinder. The ratios of expan«on in the second cylinder are the quotients 
of the final by the initial volumes: — 

2.804, 2.352, 2.202, 1.902, ratios of expansion. The in- 
termediate falls of pressure are, in parts of the final pressure in the first 
cylinder, 

^ yi* Vi, }i of the final pressure; or, putting 

the final pressure equal to 23,75 lbs., as was found, they are 

o, 5.94, 7.92, 11.87 lbs. per square inch. The initial 
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1* ^- — *ia' 











pressures for expansion in the second cylinder are^ 

T, %t y^t 3^ of the final pressure In the first 

cylinder; or 

2375, 17.81, 15.83, 11.87 lbs. per square inch; and the 
final pressures in the second cylinder are 

8-47, 7-57, 7 19) 6.24 lbs. per square inch. 

Here it is assumed, as before^ that die Intermediate space is unoccupied, 
or vacuous, when the exhaust is opened to it from tiie first cylinder. 

The annexed diagrams, figs. 1/8, show die rdative capacities of the 
cylinders with the clearance of 
the first cylinder and the inter- 
mediate space, and the hypotheti- 
cal distribution in the second 
cylinder, for the four cases: a, the 
capacity of the first qrllnder, widi 
the curve of back-pressure; ^,die 
total capacity of the intermediate 
space, including the clearance b' \ 

c, the capacity of the second cylin- 
der, three times that of the first; 

d, the total capacity of the first 
cylinder and its clearance; and 
d' its alternative or total Initial 
volume for expansion in the 
second cylinder. The hypotheti- 
cal points of cut - off are at 
the same part of the stroke, one- 
third, in each case, and the final 
volumes for the second cylinder 
are equal to {6 -he) or e. 

Construct the combined dia- 
grams, fig. 179, for the four cases, 
on the basis of the equivalent 
distribution above shown. The 
initial volume, //'//', for expansion 
in the second cylinder, in the first 
case^ consists of the net capacity 
of the first cylinder, nn', augmented only by the initial clearance ^h; and 
the initial pressure is n*^. For the second, third, and fourdi cases, die 
respective initial pressures are n"^, 7/'^; and the falls of pressure are 
i^V*' t^^^ corresponding initial volumes being «V, n'o", no". 

To examine more particularly, for example, the second case, it is to be 
remarked that the rectanj:^lc g"g^^g''c, is equal, in area, to the rectangle 
lie ' -And \ of which the former comprises the gain of work to the first 
qrlinder under the segment gg", by the fall of back prttsur^ together widi 
the passive work in the clearance under die s^rment d'g\ and die latter 




' 
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Woolf 
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comprises the loss of initial work to the second cylinder by the intermediate 
space ns, with the space so occupied by steam from the clearance. The 
equality of the rectangles may be proved by calculating their areas. For 
the first, the pressure g'£^^ is 5.94 lbs. per square inch; and 5.94 x 3 square 
inches, the area of the second cylinder, s 1/.82 lb., which is the total fall of 
pressure. The length,^V, is 2. 14 feet; and 17.82 lb. x 2. 14 feetsB38.I35 foot- 
pounds, which is the area of the first rectangle. For the loss, the pressure 
»V "= 17.81 lbs. per square inch, and 17.^^1 x 3 inches— 53.43 lbs., the total 




Ili. tfQb— WfloVRligh^ 



, for th« four 



pressure. The base «V=.357X2 feet=.7i4 feet; and 53.43 lbs. x.7i4» 
38. 149 foot-pounds, the area of the second rectangle, which, allowing for small 
errors in redaction, is tiie same as die area of the first rectangle. These 
rectangles represent the gross gain and the gross loss respectively, including 
the clearance; and, without following out die calculation, it is obvious that 
the net gain and net loss, excluding clearance, are equal. By similar cal- 
culations, it is shown that the gains and losses in question for the third and 
fourth cases, arc also equal to each other, and therefore compensator)'. 

The method of calculating the net work by means of a combination of 
die actual ratios of expansion in the two cylinders, without clearance^ is 
applicable to compound flinders as actually constructed, — ^with dearance. 

The combined ratios in die four cases are as follows: — 



ist case: — ist ratio of expansion i to 2.653 

3d da I to 2.084 

ad ca8e^— i8t ratio of expsmioitt i to 2.653 

2d do. X to 2.353 

3d case: — ist rado of expansion i to a.653 

3d do. I to S.20S 

4tfacase: — zst mtio of expansicm i to 3.653 

3d do. I to X.90S 



I to 7.438 
I to 6.241 
I to 5.843 
I to 5.046 



I I I 
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The initial work of the steam of 63 lbs. total pressure, admitted into the 
first cylinder, for 2 feet of the stroke, and with a clearance of 7 per cent, 
or .42 foot, is as follows: — 

Work done on the piston 63 lbs. x 2 feet = 1 26 foot-pounds. 

Work in the clearance 63 lbs. x .42 foot = 26.46 „ 

Total initial work of the steam, 63 lbs. x 2.4a feet = 153.46 „ 

This sum is die initial work on which the work by expansion is calculated; 

whilst it is 2646 foot-pounds in excess of the initial work done on the 
piston. The total work is, then, calculated as follows: — 



ist case: — 152.46 x (i + hyp log 7.44) or 3.0069 - 458.27 
less, work in initial deanmoe 36.46 



2d case: — 152.46 x (i+hyp log 6.24) or 3.8310 = 431.47 
less 36.46 



3dcase:— 152.46 x(i-t-bjp log 5.84) or 2.7647*- 42 1.3 5 

less 26.46 



4^1 case:— 152.46 x (i + hyp log 5.05) or 9.6194=399 29 

26.46 



Net Work in 
FoOT*fO0IISt. 

431.81 
405.01 
394.89 

372.83 



The calculations can be made more directly by means of the formula (3) 
at page 383. The reductions of net work, in the 2d, 3d, and 4th cases, are 
successively 6.2, 8.6, and 13.7 per cent of the work in the ist case; 

VII. WORK OF THE RECEIVER-ENGINE, WITH CLEARANCE. 

For the work of receiver-engines, with clearance, taken at 7 per cent, at 
each end of the stroke of each qrlinder, the annexed hg. 180 shows the 





k—Receiver engine : 
Clearance. 



Pig. lit.— .Receiver-encine : — The «UM 
reduced and comt incd. 



dii^ltams of pressure, using the same data and letters of reference as in 
fig. 173, p. 430^ with the clearance measured by ee, hh\ or oo\ equal to 
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7 per cent of ol The steam being cut off at Y-^A, the actual ratio of 

IOO+7 

expansion in the first cylinder is, as for the Woolf engine, ^^^^y ^ 2.653; 

6-? 

and the final pressure, Ig, is ^ =23.75 lbs., which is also the pressure 

2.053 

in the receiver, when there is no intermediate fall of pressure. The same 
is the initial pressure oh, in the second cylinder, with the clearance cd. 
The volume admitted into the second cylinder is equal to the capacity of 
the first cylinder plus its clearance, or to one-third of the capacity of the 
second cylinder plus its clearance; that ts» to one-third of 107 per cent; 
or 35^ per cent, whidi consists <^ the dearanot^ 7 per cent; and (35^ 
-7 = ) 28^ per cent of the stroke of the second cylinder. The steam 
admitted into the second cylinder thus occupies less than one-third of the 
stroke, by 45^ per cent, as indicated by the leno^th of the period of admis- 
sion, Az, in the diagram. As the steam is expanded from the capacity of the 
first cylinder plus its clearance, to tliat of the second cylinder plus its clear- 
ance; tiie ratio of expansion in the second cylinder, is necessarily equal to 

the ratio of the capacities of the two cylinders, which is 3; and Ji^Vl "3i 

and the final pressure; lA, is -^—^7^92 lbs. per square inch. 

The combined diagram, fig. 181, shows a dislocated expansion-line; in 
two parts: dg- for the first cylinder, and *k for the second cylinder. The 
first part, d^, is extended continuously in dotting to the end of the stroke 

at k\ and shows the loss of work caused by the excess of the volume of 
clearance of the second cylinder over that for the first; as measured by the 
area of the strip tg^-'k. 

For the other three cases, of intermediate falls of pressure, respectively 
i^th, }^d, and of the final pressure in the first cylinder, the relations are 
as follows: — 

For the ist, 2d, 3d, 4th case 

the ai^rmented initial volumes f<Mr expanaon in the second qdinder are; 

I, i^, lyi, 2 times the capacity of the first 

cylinder plus tiie clearance; or they are 

1.07, 1.427, 1.605, 2.14 times the capacity of the first 
cylinder. The final volumes by expansion in the second cylinder are equal 
to the capacity of the second cylinder plus its clearance, or to 

3,21, 3.21, 3.21, 3.21 times the capacity of the first 
cylinder; and the ratios of expansion in the second cylinder are 

3.00, 2.25, 2.00, 1.5a 

The intermediate falls of pressure are 

o, 5^, ^, ^ the final pressures in the first 

cylinder; and they arc actually 

O, 5.94, 7,92, 11.87 ^bs. per square inch. The 

pressure in the reservoir, and the initial pressure in the second cylinder, are 
23-75» 17*8 1, 15-83, 11.87 lbs. per square inch; and 
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the final pressures in the second cylinder are 

7.9^ 7.92, 7.92 7.92 lbs. per square inch. 

The combined diagrams for these four cases are shown in fig. 182. The 
net losses of work» for the successive falls of intermediate pre»ure; are 
indicated by the small triangular areas in^f, %n"i". Dividing the 

diagrams into three parts, for comparison; the upper part, cdgh, common 
to all the diagrams, is the normal net work for the first cylinder; 




on OS 0* }"' o o'/Q* 

Fig. i8».—ReceiTer-€ngine:— Combined Diagrams, for the four caces. 

the intermech"ate rectangles, //;/, ////', hn", are the accessions of work 
to the first cylinder by the fall of pressure; and the lower parts, below 
the lines of initial pressure, hi^ h'i, k"^^ h*i"\ the works for the second 
cylinder. 

To calculate the works done in the four cases: — First; the normal net 
work <^ the first cylinder, above the level of the terminal pressure kig, 
omnmon to all the cases. The total initial work done on the piston is, as 
was found before, 126 foot-pounds, and the work of the clearance 2646 
foot-pounds. The sum, 152.46 foot-pounds, is the initial work on wliich the 
work by expansion 2.653 times is calculated; thus: 



159.46 x(x+ hyp log 3.653) or 1.9757 ■■301.31 
Less work in initial dearance; 96.46 



Total woric on piston, above the vacuum line.. 2 7 4. 7 5 
Deduct work cl* back pressure, ohx^hg^ or | 



93.75 foot-pounds X 3 inches x 9 feet 



142.50 



Nonnal net work on die first p»ton 132.95 

Next; for the works gained to the first piston by the intermediate falls of 
imssure: — 

For the ist, 9d, 3d, 

die work is expressed by the lectan^^, 

that is, o, 5.94 lbs. X 3 X 9, 7.92 lbs. x 3 x 9, 
or, o, 35-<'4» 47-5 2| 



4tfa 



hh^^ hg, 
11.87 Jbs. X 3 X 2, 

71.22 foot-pounds. 
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Third, for the woik done in the second cylinder, the initial work for expan- 
sion must be the same as that for the first* namdy, 15246 foot-pounds; 
there being the same quantity of steam. The clearance is .42 foot, and 
the passive work in the clearance, 

for the ist, 2d, 3d, 4th case, 

is 23.75 lbs. X 3 X. 42, 17.81 X 3 X. 42, 15.83 X 3 X. 42, 11.S7x3x.42, 
or 39.92, 22.44, i9-95> 14-95 foot-pounds. 

The works in the second cyh'nder are calculated from these data, with the 
ratios of expansion, as follows: — 



istcasc:— 152.46 x(i + hyp log 3) = 319-93 

less the work in clearance. 29.93 290.01 



ad case: — 153.46 x (i -l>hyp log 3.35) =* 376.10 

less die work in deaxance. 23.44 353.66 

3d case: — 152.46 x (i + hyp log 2) = 258.13 

le» die woik in cleanmce. 19.95 338.18 

4th case: — 152.46 x (i +hyp log 1.5) = 214. 28 

less the work in clearance i4-95 * 99-33 

The total net work in both csdmders for one stroke, is found by adding 
together the three portions of work for each case: — 



ist case: — first cylinder above final pressure... 132.25 
intermediate 0.00 



Nrr Wojuc Ratio 

ofNttWoik. 



133.35 

second qrlinder. 390.01 433.36, as 100 

sd case:— ^istqrlmder above final pressure.... 133.35 
intennediate 35*64 

167.89 

second cylinder. 353.66 431.55, as 99.8 

3d case :— -first cylinder above hnal pressure. ... 132.25 
inteiroediale 47.52 

179.77 

second cylinder 238.18 417.95, as 99.0 

4th case:— first cylinder above final pressure.... 133.35 
intermediate 71.33 

303.47 

second cylinder. 199.33 403.80, as 95.4 

Here it is shown that the reduction of the quantity of work performed 
for one stroke of the pistons, by intennediate falls of pressure, is just 
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I per cent when the fall amounts to even one-Uiird of the final pressure 
in the iifst cylinder; and it is less than 5 per cent whsa the fall amounts to 
half the final pressure: 

The work for one stroke may be calculated in terms of the combined 
ratios of expansion for the two c\ Iindcrs; mnkinc; allowances for the loss 
by clearance, and the G^ain to the first c\ lindcr by the intermediate fall of 
pressure. The total initial work for expansion is, as w as found, 152.46 foot- 
pounds; and the ratios of expansion are as follows: — 

COHrOUNO RATMb 

ist case: — first ratio of expansion i to 2.655 

second da i to 3.000 i to 7.959 

sd case: — first ratio of expansion i to 2.653 

second do. t to a.iso t to 5.969 

3d case: — first ratio of expansion i to 2.653 

second do. i to 2.000 i to 5.306 

4th case: — ^fiist ratio of aqwnsion. i to 9.653 

second do. i to 1.500 1 10 3.979 

With respect to the first case, it is obvious from an inspection of the 
combined diagram, fig. 182, page 439, that the calculation of the work in 
terms of the initial work for expansion, and the total ratio of expansion, 
covers the whole area of the diagram, including^ the clearance-areas, thus: — 

152.46 X (i +hyp log 7.959) or 3.0743 = 468.71 foot-pounds. 

From this is to be deducted the work of the initial clearance in the first 
cylinder, 26.46 foot-pounds, represented by the area cco"o\ and also the 
work of the excess of clearance in the second cylinder, over and above 
that of the clearance in the first cylinder, calculated on the pressure in the 
receiver. As tiie clearance of the second cylinder is, like that of the first, 
7 per cent of the stroke, or .42 feet, the volume of tiie respective clear- 
ances are in the ratio of the capacities of the cylinders, or as 3 to i, and 
are measured by the spaces 9^ and otT on the diagram. The clearance 
steam of the first cylinder, therefor^ when transferred to the second cj'linder, 
fills only one-third of its clearance space, measured by 00", and of the 
pressure oh', and additional steam from the receiver, of the same pressure, 
is re(]uircd to fill the remaining two-thirds of the clearance of the second 
cylinder, or 42X^=.28 foot, measured by o'd. The work of the two 
clearances to be deducted is, tiien, as follows: — 

Work of clearance of first cylinder, ctfd'o, 63 lbs. x 1. _ foot-pounds. 

3 in. X .14 foot, or 63 lbs. x i in. x .42 foot,... I 
Excess of clearance of second cylinder, h'o'd\ I „ q- ^ 

J3. 75 lbs. X 3 in. X. 28 foot J 

Work of clearances 46.41 do. 



< 
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The gross work of the diagram being, as above 468^71 foot-pounds. 

The work of deaiances to be deducted is 46.41 do. 

Net work for one stroke 422.30 do. 

For the 2d case, the gross work is — 

152.46 X (i +hyp log 5.969) or 2. 7866 -'424.84 foot-pounds. 
Deduct the work of the clearances, as above 49.41 da 

378.43 da 



To this is to be added the compensatory gain hy the fall of the pressure 

in the reservoir, measured by /i/i", which is equal to 5>94 ibs. per square inch. 
It is to be multiplied into the length, ^/i/t, comprising ^/i, the stroke of 

the first cylinder, for the reduction of back pressure, and the clearance 
of the second cj'lindcr for the saving of passive work in the clearance. 
The stroke, ^//, is, as reduced, 2 feet; the clearance, ////', is .42 foot, and the 
sum of these, £A\ is 2.42 feet Then the woric of the gain is, 

hfi' y.gh' ~ 5.94 lbs. X 3 in. X 2.42 feet = 43-12 foot-pounds^ 
which is to be added to the remainder, above... 378.43 do. 

making the net work for one stroke 43 1.55 da 

The calculations of net work are similarly performed for the 3d and 4th 
cases, and tiiey are all brought together for die four cases for comparison, 
as follows: — 

F(BOt»»a— di. 

I St case: — 152.46 x (i +hyp log 7.959) or 3.0743 =468.71 

deduct for clearances 46.41 422.30 

ad case: — 152.46 x (i + hyp log 5.969) or 2.7866 = 424.84 
deduct for clearances 46.41 

378.43 

add for fall of rcceiver-piessnre 5.94 lbs x 

3 in. X 2.42 feet 43«i2 43X*55 

3d case: — 152.46 x (i + hyp log 5.306) or s.6688 = 406.87 
deduct for clearances 46.41 

36a46 

add 7.92 lbs. X 3 in. X 3.42 feet 57.50 417.96 

4th case: — 152,46 x{i +hyp log 3.979) or 2.3810 =363.01 
deduct for clearances 46.41 

316.60 

add 1X.87 lbs. X 3 in. X a.42 feet 86.18 403.78 



The net works thus arrived at are substantial!)^ the same as those that 
were deduced from the diagrams treated separately (page 440). 
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VUL COMPARATIV£ WORK OF STEAM IN THE WOOLF ENGINE AND THE 

RECEIVER-ENGINE. 

It has been shown that the work of steam in the compound engine, when 
there is no clearance and no intermediate fall of pressure, is the same in 
amount, whether performed on the Woolf system or the receiver-system- 

By the addttum of clearance to each cylinder, equal to 7 per cent of the 
stroke at each end, the actual ratios of expansion are sensibly reduced as 
compared with the ratios without clearance. At the same time, it increases 
the net work done, as appears from the following statement: — 

Woour SMonni— 7% CIwimo. RaouvBii-Biniin— 7X dcMoet. 
Ratio of Expaanoa. Net Work. Ritio of Expaimoo. Net Work. 

ist case: — 7.44 43i'7i ft-pds 7.96 422.30 ft-pds, 

2d case:— 6.24 405-" t. 5-97 421-55 >» 

3d case:— 5.84 394-99 » 5-3 » 417 96 » 

4th case:— 5.05 371.93 „ 3.98 40a. 78 » 

With clearance it is found that the reduction of net work, by intermediate 
fall of pressure, is less in the receiver-engine, where it is only 41^ per cent, 
with clearance than in the Woolf engine, where it amounts to about 14 per 
cent^ when the pressure feUs intermediately one-half. 

As the combined ratios of expansion in &e receiver-engine are less, for 
each case^ than in the Woolf engine; so the terminal pressures of the 
expanded steam in the second cylinder, on passing to the condenser, are 
greater in the receiver-engine than in the Woolf engine: — 

For the 1st. 2d, 3d, 4th case, with 7 per cent clearance 

the terminal pressures in the second cylinder are, for the Woolf engine^ 

M7i 7*57» 7<i9» 6.34 lbs. per square inch, 

and for the recdver-engin^ 

7.92, 7.9a, 7.9a, 7.9a. 

In the first case, the terminal pressure in the Woolf engine is greater 
than in the receiver-engine; for there was no intermediate space assumed 
in the former, whilst clearance-space for the second cylinder was assumed 
in the latter; but, in the other cases, the terminal pressures in the former 

fall continuously below that of the first case. They also fall below those 
of the latter, which remain constant for all the cases. This constancy of 
terminal pressure in the second cylinder of the receiver-engine, simply 
follows from the fact that tiie terminal volume of the expanded steam is 
always the same,— that of the second cylinder plus the clearance^— -whatever 
be the intermediate fall of pressure; whilst in the Woolf engine, on the 
contrary, die terminal volume is equal to tiiat of die second cylinder, in- 
creased by the volume of the intermediate space, and the terminal pressure 
must be less as the terminal volume is increased. 

As the terminal pressure in the receiver-engine is thus shown to be, in 
all practical cases, greater than in the Woolf engine, other conditions being 
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the sam^ it directly follows that the work performed in expanding from a 
given initial pressure to the several terminal pressures, must be greater in 
the receiver-engine than in the Woolf engine. 

It may be gathered from these arithmetical deductions that the receiver- 

enq^inc is an elastic system of compound engine, in which considerable 
latitude is afforded for adapting the pressure in tlie receiver to the demands 
of the second cylinder, without considerably diminishing the effective work 
of the engine. In tJie Woolf engine, on the contrary, it is clearly of much 
importance that the intermediate volume of space between the first and 
second cylinders, which is the cause of an intermediate fall of pressure^ 
should be reduced to the lowest practicable amount 

Supposing that there is no loss of steam in passing through the engine, 
b\' cooling and condensation, it is obvious that whatever steam passes 
through the first cylinder must also find its way through the second cylinder, 
neither more nor less. By varying, therefore, in the receiver-engine, the 
period of admission in the second cylinder, and thus also the volume of 
steam admitted for each stroke, the steam will be measured into it at a 
higher pressure and of a less bulk, or at a lower pressure and of a greater 
bulk: the pressure and density naturally adjusting themselves to the volume 
that the steam from the receiver is permitted to occupy in the second 
cylinder. With a sufficiently restricted admission, the pressure in the 
receiver may be maintained at the pressure of the steam as exhausted from 
the first cylinder. On the contrary, with a wider admission, the pressure 
in the receiver may fall or "drop" to three-fourths, or even one-half of the 
pressure of the exhaust-steam from the first cylinder. 

There is a means of counterbalancing the loss of performance by inter- 
mediate fall of pressure, by so enlarging the second ^linder as to effect the 
same ultimate ratio of expansion behind the pistons, as would be effected 
in the originally designed engine if there were no intermediate fall. For 
example, when the capacities of the first and second cylinders arc as i to 3, 
and the steam is cut off in each at one-third of the stroke, without any 
intermediate fall, the steam, if there be no clearance, is expanded into nine 
times its initial volume. But, when diere is an intermediate fall of pressure^ 
of, say, one-fourth of the final pressure in the first cylinder, involving an 
increase of volume of steam in the ratio of 3 to 4, the second cylinder must 
be correspondingly enlarged in the ratio of 3 to 4, in order to contain the 
charge of steain for expansion, when cut off, as before, at one-third of the 
stroke. By sucii enlargement of the second cylinder, in the ratio of the 
intermediate enlargement of tiie steam, the same ultimate ratio of expansion 
is secured, and an equivalent performance is effected. Such a remedy, 
when specially applied for the purpose of counterbalancing ineffective ex- 
pansion of steam, involves Ae employment of enlarged cylinders, and 
entails the objections of increased weight, bulk, and cost of machiner}'. It 
would be more useful as a remedy, when applied to the Woolf engine, than 
to the receiver-engine. 



Diyiiizea by LaOOgle 



COMPOUND STEAM ENGINES. 



445 



IX. FORMULAS AND RULES FOR CALCULATING THE EXPANSION AND 

THE WORK OF STEAM IN COMPOUND ENGINES. 

In view of the preceding (iiscussions of the expansive working of steam 
in compound cylinders, the following algebraic symbols are used: — 

a =s the area of the first cylinder in square inches. 
«f » the are* of tbe seorad cylinder in square inches. 

the ratio of the capadty of the second cylinder to that of the first cylinder. 
L = the length of the stroke in feet, supposed to be the same for both cylinders. 
/ = the period of admission to the first cylinder in feet, excluding clearance. 
c = t\\Q clearance at each end of the cylinders, in parts of the stroke, in feet 
L' - the length of the stroke plus the clearance, in feet 
r »the period of admisabn plus the clearance, in feet 
j« the length of a given part of the stroke of tiie second qrlinder, in feet 
P>ithe total initial pressure in the first cylinder, in pounds per square inch, 

supposed to be uniform during admission. 
P' = the total pressure at the end of the given part of the stroke, s, 
p^lint average total pressure for the whole stroke. 
Rstfie nominal ratio of expansion m the first cyUnder, or L-i-A 
R' = the actual ratio of expansion in the first cylinder, or L'-j-/. 
R'Vthe actual combined ratio of eiqMUision behind the pistons, in the first and 

second cylinders together. 
R"'a=the actual ratio of expansion, or number of volumes into which the steam 

occupying the first qrtinder at the end of tiie stroke, is expanded in the 

second cylinder at the end of any part of the retum*stroke, si — ^the special 

initial volume, or the capacity of the first cylinder, being = i. 
««ithe ratio of the final pressure in the first cylinder to any intermediate fall of 

pressure between the first and second cylinders. 
N-the ratio of the volmne of the intermediate space in the Woolf engine, 

reckoned up to, and mduding the clearance of, the second piston, to the 

capacity of the first qrlinder plus its clearance.^ 
sir » the whole net woifc in one stroke, in foot-pounda. 

Formulas and rules may be constructed .on the basis of the combined 
ratio of expansion behind the two pistons: — the combined ratio being the 
product of the actual ratios of expansion in the first and the second 
cylinders. When, as usually happens in practice, intermediate cxpan.sion 
takes place between the cylinders, if the ratio of this expansion be multi- 
plied into the combined ratio of expansion behind the pistons; or, if the 
three individual ratios of esqtansion in the first and second cylinders, and 
the intermediate spaoc^ be multiplied together, the product is the ratio 
total expansion of the steam within the engine, to the end of the stroke of 
the second cylinder, when it is discharged into the condenser. For example, 
if the steam be expanded to three times its volume in the first cylinder, 

' It is to be explained with respect to the value of N, that it is correctly expressed by the actual 
litio of the volumes above stated, on the assumption that the intemaediate space is a vacuum when 
ttieoebcs the edunnt-itaun fmn the 6iit cfiaaAa. In point of ftcl, dun is n icsidnum of Boeif 
hausted steam in the intermediate space, M low pi«nnt«^ Mid flkO Tallie of N is tlWNifay pncticdl^ 
reduced below the ratio above stated. 
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twice in the second cylinder, and one-and-a-lialf times in tiie intermediate 
space; the combined ratio of expansion behind the pistons is the product 
oS the first and second of these; Uiat is, — 

In first cylinder i to 3, <sr 3 

In second qrlinder. i to 2, or 2 



Combined ratio of expansion behind pistons i to 6, or 6 

Intermediate expansion i to 1.5, or 1.5 

Ratio of total expansion i to 9, or 9 

Or» the individual ratios may be placed consecutively thus: — 

In first cjdinder it03, or3 

Intermediate expansion « 1 to 1.5, or 1.5 

In second cylinder x to 2, or 2 

Ratio of total ejquuinon... 1109, or 9 

Conversely, when the total expansion is given, the expansion behind the 
pistons may be calculated by dividing the total ratio by the ratio of inter- 
mediate expansion. Thus, if the total ratio be 9, and the intermediate 

ratio be 1.5, the combined ratio behind the pistons is ^ = ^> ^ ' ^ 

Generally, if the total ratio be divided by any one of the individual ratios, 
the quotient is the product or combination of the two others. 

Further, if two ratios be equal to each other, tiie oomluned ratio is equal 
to die square of one of them; and, conversely, die square root of a given 
ratio is die value of two elementary ratios^ which when combined yield the 
^ven ratia Thus, if there be two ratios, each equal to 3, then 3 x 3, or 
3' = 9, the combined ratio formed by those two. Conversely, (v'9 = ) 3 is 
the value of two elementary ratios which, if combined, form the ratio 9. 
Similarly, the two equal ratios which, when combined, form the ratio 7, are 
each equal to v7 = 2.65 ; the square of 2.65, or 2.65 x 2.65, being equal to 7. 

To find i/u Actual Ratio of Expansion in the first cylinder. — This is found 
by die formula {a\ page 382, when the stroke the period of admission, and 
the clearance are given. It is equal to 

(5) 

That is to say, the actual ratio of expansion in the first cylinder is equal to 

the quotient of the length of Stroke plus the clearance divided by the period 

of admission plus the clearance. For example, if the steam be cut off at 
one-third of the stroke, and the clearance be 7 per cent, the length of stroke 
being equal to i ; then the stroke plus the clearance is equal to 1.07, and 

I 07 

the period of admissiim is equal to •3333'('<07>-4033; and "2.653, 

the actual ratio of expansion. -4033 

To find i/te Ratio of bitermcdiatc Expansion. — According to the assump- 
tion that the volume of a given weight of steam is inversely as its elasticity. 
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or its pressure per square inch, the enlargement of volume, or expansion, 
may be deduced from the pressures before and after intermediate expansion. 
Thus, if the pressure be reduced from zo lbs. to 15 lbs. per square inch, the 
volume, inversely, is enlarged in the ratio of 15 to 20; and, if the initial 

20 

volume be taken as i, then, by proportion, 15 :20: : i : 1.33; or ix — 

= 1.33. Thus, in reducing the pressure )^th, the volume is enlarged |^d, • 
and the ratio of expansion is 1.33. 

By the notation, n ia the ratio of l3ie final pressure in the first linder, to 
the intermediate fall of pressure between the first and second cylinders ; or, 
it is the denominator of the fractional part of the final pressure^ expressing 
the fall of pressure. When the fall is ^itfa, therefore, ffa4; and the 
remaininj^ pressure is >'4ths, and is as 3, or n—i. The pressures, then, 
before and after the fall, arc ns : n — 1 ; and, inversel}', tin- \ olumcs are as 
« — I : //. Taking the capacity of the first cylinder with its clearance, as I, 

the expanded volume is found by the proportion 1 : « : : I — j; and 
the ratio of intermediate expansion is equal to ~ 



Substituting 4 for n in this expression, the ratio of expansion in the preceding 

example^ is ^ ^ j = ^ - 1.33, as already found. 

It is neeessaiy, in tJie receiver-engine, thus to reckon backwards, — from 
the observed pressures to the volumes, — ^in order to find the intermediate 
ratio of expannon, since the volume of the receiver affords no evidence 
whatever of the amount of expanriott between the first and second cyh'nders. 

For the Woolf cnji^ine, the same process may be employed, to find the 
actual intermediate expansion. Otherwise, it is necessary to make an 
allowance off the intermediate space for the residual steam left in it about 
the end of each stroke of the second cylinder, before the new steam from 
the first cylinder is exhausted into the space; The residual steam is com* 
pressed 1^ the new steam from tiie first qrlinder, up to the pressure to 
wUch this steam falls by ocpansion into the intermediate space ; and the 
total volume of this space is occupied by the two steams jointly, — distributed 
between them in the ratio of their weights. The intermediate volume from 
which is to be reckoned the intermediate expansion from the first cylinder, 
is therefore equal to the total intermediate space minus the space occupied 
by the compressed residuum of steam. To calculate the space thus occupied, 
it is only needed to multiply the total volume of intermediate space by the 
absolute pressure of tiie residual steam, and divide the product tiie 
absolute pressure when the steam is exhausted from the first cylinder, since 
the volume of steam is, for this purpose, inver.scly as the absolute pressure; 
and the remainder of intermediate space left after deducting this fraction, 
is the intermediate volume to be adopted in the calculation of actual ratios 
of expansion. 
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The ratio of the capacity of the first cylinder plus the clearance^ to the 
corrected intermediate space is, by the rotation, as i to N; and the sum of 
these, or the enlarged volume, is as (i+N). The ratio of intermediate 
expansion is, therefore, as i to (i +N); or it is 

(i+N) {») 

To find the value of N in terms of the intermediate fall of pressure: — 
The intermediate ratio was found, in terms of the ratio of pressure to be 

" .; and i+N --2-; so that 



U-l II— I 

N=-?l — 1 (6) 



n 



That is, the corrected volume of the intermediate space relative to that of 
the first cylinder plus its clearance, is equal to the quotient of the final 
pressure in the first cylinder, divided by the reduced pressure after tlie fall, 
minus i. For example, the final and reduced pressures being 20 lbs. and 
15 lb& respectively, 20-s-i5 = 1.33; and 1.33- 1 = .33, which is the corrected 
valve of N, the intermediate spac^ relative to the capacity of the first 
cylinder plus its clearance^ taken as i. In this calculation, the actual 
values of the pressures have been used, instead ot their relative values 
as indicated in the above equation (6); but the result is the same^ for, 

putting for n the ratio 4, then, — ^ = - » 1.33 ; and 1.33— i '-.33, as before. 

4— 1 3 

The corrected capacity of the intermediate space in the Woolf engine is 
found by multiplying that of the first cylinder plus its clearance by the 
corrected ratio N. 

To find tlu Ratio of Expansion in the second iylinder. — In tJie Woolf 
engine. This would be expressed by the ratio of the capacity of the first 
cylinder to that of the second cylinder, if there were no clearances nor 
other intermediate space. With clearances and intermediate space, the 
ratio of expansion in the second cylinder is less than that, and is equal 
to the ratio of the capacity of the first cylinder plus its clearance plus 
the corrected intermediate space, to the capacity of the second cylinder 
plus the corrected intermediate space, this last being taken to include 
the clearance of the second cylinder. Taking the capacity of the first 
cylinder plus its clearance as i, that of the corrected intermediate space is 
N. The capacity of the second cylinder, with its clearance, is expressed by 
the ratio r; witliout clearance, it is less than r by as much in proportion 
as the capacity of the cylinder is less than the cylinder plus the clearance, 

or as L is less than (L+f), or L'. The reduced ratio is, then, and 



the ratio of expansion in the second cylinder is as ( i + N) is to x + N; 

(rx^)+N 

Ratio of expansion in second cylinder- (7) 



or 
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That is, the ratio of the first to the second cylinder is multiplied by the 
lengtli of stroke, and divided by this length plus the clearance; and the 
ratio of the corrected intermediate space is added to the quotient, making 
a sum, say, A. To the ratio of the corrected intermediate space is added 
I, making a sum» say, B. Sum A is divided by sum B, and the quotient is 
the ratio of expansion in the second cylinder. For example, let ''=3, 
Ns.333, L»6 fee^ and plus 7 per cent of 6, or 642. Then 

^ ^-««-3S3» 

^+•333 

the ratio of expansion in the second cylinder. 

/u tJu Rcccivir- engine. — The actual ratio of expansion, in the second 
cylinder, is not affected by clearance, assuming, of course, that the percent- 
age of clearance is the same as in the first cylinder. When there is no inter- 
mediate fall of pressure the ratio of expansion is simply that of the first and 
second cylinders, or r. But with an intermediate fall, this ratio is reduced 

as tihe ratio of intermediate expansion is increased, namely, it is 

as this ratio inversely, or. 

Ratio of expansion in second cylinder srx^^-^^-— iir (8) 

For example, putting the ratio of the cylinders, r=3, and the ratio, «, of 
the final pressure in the first cylinder to the intermediate fall » 4, as before; 

then, ^^^^ = ^-^==2.25, the actual ratio of expansion in the second 

cylinder. 

To find the Total Actual Ratio of Expansion as wc// as the Covihincd Actual 
Ratio of Expansion behind i/ie two pistons. — The total actual ratio of expan- 
sion is, as was stated (page 445), the product of the ratios of the three con- 
secutive expansions: — ^in the first qrlinder, in the intermediate space, and in 
the second C3dinder. 

For the Wool/ engine. — The expressions of these expansions are num- 
bered (5), {b), and (7), and their product is 

Total actual ratio of expansion - R' + ( 9 ) 

That Is to sa>', the ratio^ r, of the first to the second cylinder is to be 
multiplied by the length of stroke^ and divided by this length plus the 
dearance; and the corrected ratio-value of the intermediate spac^ N, 
is added to the quotient. The sum is then multiplied by the actual ratio 

of expansion in the first cylinder, and the product is the total actual ratio 

of expansion. For example, let the steam be cut off at a third of the 

stroke of the first cylinder, with a clearance of 7 per cent; let the ratio. 
Vol. I. SS 
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r, of the cylinders be 3, and the corrected ratio-value, N, of the intermediate 
space, .333 or 13 d. Then, the stroke of the first cylinder being = i, the 
actual ratio of expansion in it, R', as was exemplified at page 446, is 

1.07-7-4033 = 2.65 3. The modified ratio of the cylinders is 3 X = 2.804; 

1.07 

and 2.S04+.333 = 3.137. Finally, 2.653x3.137 = 8.322, the total actual 

ratio of expansion. It may be observed, that the fraction, — above em- 

6 '-07 
ployed, is equivalent to the fraction, employed for the same purpose, 

in the example, page 449. 

The comlMned actual ratio of expansion behind the pistons^ in the 
Woolf engine, is the product of the first and third of the above-cited 

expressions, namely (5) and (7), or x-^— — ; and, by reduction. 



Combined ratio of expansion on pistons = i^jf ^^^^ 

That is to say, the product, as above found (9), for die total actual expansion, 

is to be divided by the ratio value of the corrected intermediate space plus i; 
the quotient is the combined actual ratio of expansion behind the pistons. 
For example, re.suminf; the data of the preceding example, the final product 
expressing tlic total actual ratio of expansion, was found to be 8.322 ; and 

the divisor to be applied to it, is i +.333 » 1.333. Then, 6.242, the 

combined actual ratio of ^pansion behind tiie pistons. 

Far the Recetver-engine, — ^The total actual ratio of expansion is the 
product of the expressions of the three consecutive expansions, numbered 

(5), (fl), and (8); or. J^~r^^^'^^^* and, by reduction. 

Total actual ratio of expansion er-^»rR'» (1*) 

That is to say, the ratio, r, of the first and second qrlinderS) is to be multi> 

plied by the actual ratio of expansion, R', in the first cylinder. The product 
is the total actual ratio of expansion. For example, making as before, 
r = 3, and R' » 2.653, the product <3 X 2.653 = ) 7*959b is the total actual ratio 

of expansion. 

The product of the first and third of the above three expressions, 
namely (5) and (8), gives the value of the combined actual ratios of 

L' in — \ \t 

expansion behind the pistons; thus, yrX — - — ; and, by reduction, 

fi - I 

Combined ratio of expansion on pistons - -^rR (12) 

That is to sny, the ratio of the first and second cylinders is multiplied by 
the actual ratio of expansion in tlic fir.^t cylinder, and by the ratio of the 
intermediate fall of pressure to the final pressure in the cylinder minus i; 
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and the final product is divided by this ratio simply. The quotient is the 

combined actual ratio of expansions behind the pistons. For example, 

resuming the product in the last preceding example, and taking », the ratio 

4— I 3 

of the intermediate fail of pressure =4; then 3 x 2.653 x-^^ = 7.959 x- 

= 5.969, the required ratio. 

To find the Work done in the two cylinders of compound engines — The 
IVoo/f engine. — It has already been stated that the formula (i), page 383, 
for the work of steam expanded in one cylinder, applies also to the work 
of steam in the Woolf engine, when the combined actual ratio of expansion 
behind the pistons in the two cylinder^ is given. Thus^ the total work for 
one stroke of the two pistons., quoting that formula, is, 

(i + hyp log R-")-i"] (13) 

Rule i. To find the work done by steam in tlie two cylinders of a Woolf 
engine, for one stroke^ with a given eu$-eff, and a given eomHned aetiuU mHe 
of expansion, — ^To the hyperbolic logariliim of tiie combined actual »tio 
of expansion behind the two pistons, add i; multiply tiie sum by the 
period of admission to the first cylinder plus the clearance in feet ; and 
from the product subtract the clearance. Multiply the area of the first 
piston, in square inches, by the initial pressure in pounds per square inch, 
and by this remainder. The product is the total work in foot-pounds. 

For example, let the 2d case, pages 436, 437, be calculated by this 
rule: — <iP« 1x63-63 lbs., /'-242 feet, ^=42 foot, and R''»6.24. Then, 

«e> = 63 [2.42 (1 + hyp log 6.24) - .42] 
» 63 [ (2.4s X 3.83 10) - .43] 
= 63 (6.85 1 - .43) = 405.30 footpoundst 

as was befofe calculated, allowing for small errors of approximation. 

TAe JUeeiver-ef^ne, — complete formula for the work of the receiver- 
engine necessarily comprises three elements : — First, the expression of the 

g^ross •work, including the passive work of the clearances; second, the 
deduction for the passive work of the clearances; third, the addition for 
the gain of w ork by the reduction of the back-pressure on the first j)iston 
when there is an intermediate fall of pressure. Beginning witli the first 
case, pages 441, 442, in which there is no intermediate fall of pressure, the 
total initial work of the steam admitted to die first cylinder is expressed 
by aFi'; whence the total work with expansion is 

tfP/'(i+hyplogR") (e) 

This measures the total area of the diagram, fig. 1 82, page 439, including die 
clearances. The work of the clearance of the first cylinder, etfefo, is aYe. 
The work of the clearance of the second cylinder is the rectangle M^e^o, 
which includes the section Aoo" of the first clearance ; and, deducting this, 
diere is left the remainder, the rectangle h'do", to be added to the first 
clearance. To express this remainder algebraically, the volumes of the 
first and second clearances, 00" and 00', are in the ratio of the areas of the 
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cylinders, or as I tor, and the volume of the difTerence, o"o, is as r (r— i). 
The height, o7i\ is the final pressure in tiie first cylinder, and is equal to the 
initial pressure divided by R', the actual ratio of expansion in the first 

? 

cylinder, or Therefore the work of Uie excess, o"o, of the second 

f — I 

clearance is alPc-^; and the two worics of the clearances are tt^ther, 

r— I 

aFc{i-i — pT-), to be deducted from the gross work by expansion {c). 
Whence the equation for the total work; in the first case:— 

«f«/iP/(n-hyp log R'^-aPi- (i +^^^^7^); or 

»«tfp[^/(i+hyplogR')-^(i+^)] (14) 

when there is no intermediate fall of pressure. 

Before reducing this formula to a rule, it may be remarked that it c:ivcs 
values which approximate closely to the true values, for cases in wiiich 
there are intermediate falls of pressure — such ca^es as usually occur in 
practice ; — and, for ordinary practical purposes, the results of the application 
of this formula will be sufficiently near to exactness. It was shown, in fact 
(pages 440^ 44^X that the reductions of work by intermediate falls, as 
compared with tiie work done when there is no fall, are as follows: — 
When the pressure falls to 

f^f ^ piessure in the first cylinder, 

the reduction of work 

aa, i.o^ 4.6 per cent of that hi the first case. 

The intermediate fall of pressure is rarely so much as two-thirds; and even 
with this fall, the reduction of work, it is seen, only amounts to i per cent 
The slightness of the reduction results, as was before explained, from the 

fact that though the actual ratio of expansion, with intermediate falls, is 
less than when there is no intermediate fall, yet the loss of work by such 
reduction of expansion is practically compensated by the gain of net work 
on the first piston by the fall of the back pressure against it. 

Adopting, then, the formula (14) as applicable for all cases of receiver- 
engines arising in practice, it is required only to give the actual ratio of 
expansion in the first qrlinder, and to multiply this ratio by the ratio of the 
capacities of the two cylinders, to arrive at tiie ratio of expansion to be 
employed in the formula. This is literally the actual combined ratio of 
ex]iansion for the first case, without intermediate fall of pressure^ as was 
before found, represented by R" in the formula (14). 

Rule 2. To find the total tvork lionc by sfratn in the two cj/inders of a 
Receiver-engine for one stroke, with a given actual ratio of expattsion in tJte 
first cylinder, — ^Multiply the actual ratio of expansion in the first cylinder by 
the ratio of the two cylinders, and to the h}^erbolic logarithm of the 
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compound ratio so found add i ; multiply the sum by the initial period of 
admisdon to the first cylinder, plus tlie clearance, in feet (product A). 
Divide the ratio of the two cylinders, minus i, by the actual ratio of expan- 
atoo in the first cylinder; add i to the quotient, and multiply the sum by the 
initial clearance in feet (product B). Subtract product B from product A, 
givincr the remainder C. Multiply the area of the first cylinder in square 
inches, by the total initial pressure in pounds per square inch, and by the 
remainder C. The product is tlie total work in foot-pounds for one stroke. 

This rule is generally applicable not only for cases of no fall of 
pressure^ but also for oidinaiy falls. square inch, P-63 lbs. per 

square inch, ^=.42 foot, /'=2^2 feet; R's2.653, r*»s* I^"=7>959> and 
hyp log 2.0743. Then, on the model of the given formula (14), 

» = 63 1^2.42 (i + 2.0743) - .42 ( I + ^ 

- 63 (7.440 - .737) = 422.29 foot-pounds, 

as was before calculated for the first case. Or, following the wording of 
the rule : — The combined actual ratio of expansion is 7.959, of which the 
hyperbolic logarithm is 2.0743 ; adding i to this, the sum, 3.0743, is multi> 
plied by 2.42, the initial period of admission plus the clearance, and 
3.0743x2.42 = 7.440 (product A). Again, the ratio of the cylinders is 3, 
and 3 — 1=2; the actual ratio of expansion in the first cylinder is 2.653, 
and 2-r 2.653 =.754. Adding i to this quotient, the sum is multiplied by 
the initial clearance 42, or 1.754x423.737 (product B). The difference 
of products A and B is (7440=.737 = ) 6.703, and tiiis, multiplied by 63 lbs.* 
the initial pressure per square inch, and by i, the area of the piston in square 
inches, gives 

6.703 X 63 X I =422.39 foot-pounds, 

the work of one stroke. 

If, nevertheless^ it be desired to calculate with exactness the woik for 
cases in which there are intermediate falls of pressure the actual combined 
ratio of expansion is to be adopted, and allowance for tlic consequent gain 
of work on the first piston, is to be comprised in the formula. Referring to 
the diagram, fig. 182 (page 439), the gain by the fall of pressure was measured 
as a product of the fall /i/i", by the stroke of the first cylinder plus its clear- 
ance as reduced, namely ^/i^, plus the excess clearance of the second 
cylinder, namely, //V/' ; together, ^//'. Now, the rectangle ^/i^ x /^o", is the 
product of the expanded volume and pressure of the steam, and is equal to 
the initial work of the steam for expansion, or to a'Pl'; and the work of the 
excess, ^V, of the second clearance^ into die same pressure ^0, was found 
to be equal to 

These two works together are expressed by 
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and the gain by the intermediate fall of pressure, or ~th of the final pressure 

I * 
tfk^ is -th of this sum, or 



Adding; this quantity to the value of «r in equation (14), it becomes^ 



Whence the foUowinrj rule, which gives the exact work for one stroke 
with an intermediate fall of pressure: — 

Rule 3. To find tlie exact total worit done by steam in tite two cylitiders 
of a Recduer-engitu, for one sirokOt with atty intermodiate fall of pressure. — 
To the denominator of the vulgar firaction which expresses the intermediate 
fall of pressure, add i ; and divide the sum by the denominator. To the 
quotient add the hyperbolic logarithm of the combined actual ratio of 
expansion behind the two pistons; and multiply the sum by the initial 
period of admission to the first cylinder plus the clearance, in feet (product A). 
Multiply the said denominator minus i, by the ratio of the two cylinders 
minus i ; also multiply the actual ratio of expansion in tlie first cylinder by 
the said denominator; and divide the first by the second of tiiese products^ 
Add I to the quotient, and multiply the sum by the initial clearance in feet 
(product B). Subtract product B from product A, giving the remainder C. 
Multiply the area of the first cylinder in square inches, by the total initial 
pressure in lbs. per square inch, and by the remainder C The product is 
the total work in foot-pounds. 

For example, calculate the second case of the receiver-engine, with an 
intermediate fall of )^th tiie initial pressure, as given at pages 441, 442. 
The denominator of the fraction is 4, the combined actual ratio of expansion 
is 5.969, and the ratio for the first cylinder ts^ as before, 2.653. The 
hyperbolic logarithm of 5.969 is 1.7866, and 




and, by reduction, the general formula is arrived at: — 



^^+1.7866 •=3.0366; and 3.0366x3.42 ft.-7.34S6 



4 



(A) 



Again, (4-i)x(3-i)«3X2-6; and 2.653 X 4aia6i2; tiicn 




(B) 



and A ~ B, or 7.3486 - .6574—6.6912 



(C) 
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Finally, the area, i square inch x 63 lbs. x 6.6912^42 1.55 foot-pounds, 
the total work for one stroke, the same as was found before. 

The above calculation is compactly expressed, on the model of the 
formula, thus, — 

I in. X 63 lbs. 1^2.42 ft (|+hyp log 5.969) - .42 ft. (i + ^^^)] 

= 421.55 foot- 
pounds. 

The result arrived at by the application of the general rule given in 
pages 452 and 453, would be 422.29 foot-pounds, which is only ^ foot- 
pounds in excess of the exact result just found. 



Chapter IV.— BEHAVIOUR OF STEAM DURING ADMISSION 

INTO THE CYLINDER. 

The undulatory movements of the indicator, at high speeds, so affect 
the conformation of the diagram, that its indications cannot always be 
accepted as literal transcripts of the varying pressures of the steam in the 
cylinder.^ NeverUieless^ the net area of the diagram; which is the measure 
of disposable power, ought to be correct in amount, as the action and 
reaction of elastic undulations are equal to each other. The dark- line 
diagram^ fig. 183, was described by a locomotive (C. R., Na 42) running at 




C R.( No. 43— 4th notch— 38 m ji h. E. and G. R . Pallas— loth notcb— 4a BLpJL 
¥ig%. 183, 134. — UnUulalory Movements of the Indicator. 

a speed of 3S miles per hour, or 590 feet of piston per minute. The light- 
line diagram was caused to be described by suddenly opening the stop-cock 
communicating with the steam cylinder. The steam, by an instantaneous 
blow, had surprised the piston of the indicator into the extreme oscillations 
shown in tight tining^ tiiroughout a complete double^troke^ after which 
tht tracing of the pencil subsided into the constant figure in heavy luiing. 
The net areas of the two figures are substantially the same in amount 
Rg. 184 is a quieter example from another locomotive (E. & G. R., Pallas) 
running at 42 miles per hour, or 652 feet of piston per minute, in which 
case the diagrams were described in immediate succession. Two scries of 
diac^rams taken from Ioiil^- stroked cylinder locomotives (C. R., Nos. 124, 
125) at 31 miles per hour, or 640 feet of piston per minute, also exemplify 
the equality of areas already shown: the steam having been cut off at 

^ See /iailvHXjf Maehinety, page 68, for a full discussion of the merits of the indicator. 
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54 per cent for the latger diagram, and at 75 per cent for the smaller 
diagram. 

Undulatory diaj^rams may be reduced to the radical form, with the aid 
of the points of cut-ofi' and exliaust. The diai^ram, fig^. 185, was taken 
from the Brindlcy, li. & G. R., at a low speed ; and it shows that the steam 
was cut off at 9.34 inches, and exhausted at 15 inches of ttkt stroke of 
18 inches. For the same points of cut-off and exhaust, die diagram, 
fig. 18^ from the same engine was taken at 25 miles per hour, or 320 feet of 
piston per minute. Here^ eveiy angular deviation of the curve in iig. 185, 













c 4y 


f 

a 1 



B. a O. R., Bifaidlsir. Brindliy, as iu.pi.h. B.ft&]L,IMe. 
Pigi; tais, iW, sSy.— Uadabtocy Movmmms «f the IndiBMor. 

is rounded in fig. 186. Draw perpendiculars a and b through the points 
of cut-off and exhaust The indicated pressure at d is no doubt the real 
pressure of the steam cut off. But the segment must be replaced by 
a regular expansion curve a viy and the segment ^» by a regular exhaust- 
line inn, like those of fig. 185, excluding the rebounding prominences; and 
such that the area inclosed by the new or normal lines of expansion and 
exhaust is equal to that of the literal diagram. Again, the diagram, 
fig. 187, from tlie Hebe, I£. & G. R., at 48 miles per hour, or 680 feet of 
piston per minute, cutting off at 9 inches, and exhausting at i5>^ inches, 
in a 20-inch stroke^ is readily reducible on the same principles to the regular 
steam line in dotting. 

The second scries of indicator diagrams, taken in 1850 and reduced 
by Sir Daniel Gooch, from the Great Britain, are given in one view in 
Plate I.^ For the puri)ose of these indications, special trains were pre- 
pared for the Great Britain, and were run over a section of the Great 
Western Railway. They may be taken as standards of the performance 
of locomotives having well-protected inside-cylinders; for, though these 
diagrams were taken more than thirty-dx years ago, the performance 
indicated- by them has not been surpassed in locomotive practice. They 
were taken for three different periods of admission, for which the needful 
particulars are as follows: — 

Great Britain. — Cylinders 18 inches in diameter, 34 inches Stroke; driving- 
wheels, 8 feet in diameter; steam-ports, 13 inches by 2 inches; exhaust-port, 
13 inches by 3)^ inches; clearance, in parts of the stroke, 1.80 inches; steam-pipe, 

inches in diameter; blast- pipe, 5 3< inches in diameter at orifice. Slide-valve — 

* These diagrams, with their order-numbers, are reproduced from the second part of Diagram< 
l^lite 4 of R^w^ MaeUnery. 
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lap, inches; lead, inch; rnaximum travel in ist notch, 4}^ inches; travel in 
3d notch, 3'Vi6 inches; travel in 5th notch, 37/^ indies. Openbg of steam-port for 
steam — ist notch, I'/j, inches; 3d notch, "/a* inch; 5th notch, inch. Cut-off— 
ist notch, 16 inclics, or 67 per cent of the stroke; 3d notch, 11 3/^ inches, or 49 per 
cent (taken by Sir Daniel Gooch at 12 inches, or 50 per cent); 5th notch. 7 inches 
or 29 per cent. Exhaust — ist notch, 2i^i inches, or 89 per cent; 3d notch, 
19^ inches, cn- 83 percent; 5th notch, mches, or ■jz),^ percent Compres- 
sion — ist notch, 3 inches; 3d notch, 5 indies; 5th notch, 7^ inches. 

The following table, No. 97, contains dimensions and other particulars 
of the locomotives with which experiments have been made on the action 
of steam in the cylinder. The actual states of the valves at the times of the 
experiments are noted. The initials G. W. R. stand for the Great Western 
Railway; E. & G. R., the Edinbur^ and Glasgow Railway; and C. R., the 
Caledonian Railway. All the engines were passenger locomoti\'cs, except- 
inc^ C. R., Xos. 103, 124, 125, and 127, which were goods locomotives. 
Sections of the cylinders and smoke-boxes are shown in figs. 188, 189, and 
190. Of the inside cylinders, which have been subjected to experiment, it 




Fig. 1S8.— Great Briuin, G. W. R. Fi? iSq — Pa^cngcr, C R Kg. 190.— Goodi> C R. 

Experimental Locomotirei*. 

may be explained that all of them were placed within the smoke-box, and, 
in general, totally surrounded by the atmosphere of hot smoke, although 
tlie covers were exposed. All the outside cylinders were tliose of loco- 
motives on the Caledonian Railway. In j^cneral arrangement, the Cale- 
donian passenger locomotives were much alike, the cylinders being fixed 
between outer and inner iiame-plates» and embraced partially, at the upper 
part, by the plates of the smoke-box. At the outer and lower parts the 
cylinders were practically beyond the reach of the heat that existed in the 
smoke^box, and there was no felting about them. The cylinders of the 
goods engines, placed entirely clear of the smokc-hox, were hung from tlic 
out.sidc of the frame, not deriving any benefit from the warm atmosphere 
of the smoke-box, and protected from the weatlier only by a sheatiiing of 
felt and sheet-inHL 
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Table No. 97. — ^Diubnsions of Locomotives, relative to the Action 
OF Steam in tkb Cyunders. 1850. 



DaSIOMATIoN OF 
M0OOMvl Iv mm 

s 


Cylinder : 
diameter 

and 
(txokc 


I >riving- 
whceU; 
dUm. 

3 


dicajn*poru ■ 
length and 
width. 

A 


port: f taction 
M|nitoa.wca. 

c 


Slide-vaive : full gear. 


Poainoo 


Lap. 


Lead. 
J 

f 


Travel 
8 


of 

Cylinders 

0 
9 




inches. 


ft. 


ins. 


ladM*. 








iflcnes. 




G, W. R., Great Britain 


18 X 24 


8 


0 


2 X 13 


l-ioth 






4X 


inside. 


E. & G. R., Orion 


1 5 X 20 


6 


0 




I-I4th 


I 




4 


do. 


„ Hebe. 


15 X 20 


5 


6 




i-i4th 




0 




do. 




i6x 18 


6 


0 


1% X uyi 


l-i4th 


I 


V.6 


3X 


do. 




15 X 20 


6 


0 


ly X 10 


I-I4th 


X 


X 


4 


do. 


„ Brindley... 


14 X 18 


5 


6 


\H x6>4 


I- 1 7th 


I 


X 


4 


do. 




15 X 20 


6 


0 


1V.5 ^ 10 


i-i4th 




V.6 


4>i 


outside 


» No. 14 


15 X 20 


6 


0 


iVrtX 10 


i-i4lh 




0 


4X 


do. 


„ No. 33 


15 X 20 


6 


0 




1-4 4th 


iX 




4>^ 


do. 


„ Nos. 41,42 


15 X 20 


6 


0 


\% y^io 


I- 14th 


iX 


X 


AH 


do. 


„ No. 31, old valve 


15x20 


6 


0 


I '4 X 10 


1-I4th 


iX 




4H 


do. 


„ No. 51, new „ 


15 X 20 


6 


0 


iX * 10 


I-I4th 






sx 


do. 


» Na 73 


13x18 


5 


0 


I x8H 


i-iSth 


I 




4 


do. 


„ Nos. 124, 125... 


17x24 


4 


7 




i-i5th 


iX 




5 


do. 




17x24 


4 


7 


iX X12 


i-i5th 


iX 


X 


5 


do. 




i6x 18 


4 


6 




I -14th 


I 


0 


4 


do. 



IVtredrawii^, 

In the following table, No. 98, are given the lowest speeds at which 
wiredrawing exists In die cylinders of the locomotives therein named, for 
any extent greater than i inch before the point of cut-off, and also the 
reduction of pressure by wiredrawing, at the highest observed speeds. 

In each scries, of the first part of this table, it is apparent that the 
shorter the admission the lower is the speed of piston at which wiredrawing 
becomes sensible; and, at the higher speeds, the greater is the fall of pres- 
sure by wiredrawing. This is explained by the reduction of travel and of 
maximum opening of port provided by the nature d the link-motion, for 
shorter admissions, and the omsequent lower velocity of motion of tiie valve 
when cutting off steam. In the Great Britain, as may be noted in the 
figures in Plate I., wiredrawing is only developed when the speed of 
piston rises to from about 450 feet to 700 feet per minute, according as 
the admission rises from 29 per cent to 66 per cent of the stroke. As the 
steam-lines in the diagrams from this engine are, in general, straight from 
the beginning, until they near the cut-off, it is plain that, beyond a maximum 
opening of the port, in all cases much less than its total length, any extra 
extent of opening does not further promote the ingress of steam. The 
uniformity of pressure thus maintained, with a varying and limited opening 
of the port, up to the speeds at which wiredrawing prevails, even though 
the pressure in the valve-chest may be much greater than that in the 
cylinder, results from the frictional resistance to the movements of the 
steam along the steam -ways, which practically supersedes, at the lower 
speeds, the tiirottling action of the valve. As the speeds rise, the opening 
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of the valve becomes insurticient for the maintenance of a constant pressure, 
since wiredrawing^ and lowering of pressure, are set up at higher speeds, 
and increase with diem: in consequence of the greater flow of steam 
through the por^ by which a throttling action comes into play, augmented 
by the local acceleration of the speed of the piston in the first half of the 
stroke. 

In the additional examples, in the follouinp;- tabic, as in the previous 
cases, it is observable that the shorter the admission, the greater is the fall 
of pressure by wiredrawing in each cylinder, and that it also increases 
with the speed. 

Table No. 98. — Wiredrawing of Steam during Admission to the Cylinders 

OF Locomotives. 



Dbsickation of 

LOOOMOTiVK. 



Pefkxl 
of 



Tfa»el 
of 



Port 
Op«M. 



Engine. 



WiMdnwiag at the Highest Speed 



Speed of 



Plitaa. InitiaLQit^. 



Differ- 



Great Britain. 

Do. 
Do. 



66 

49 
29 



iadns. 
3V.* 



iache*. 



mileii 
per hour. 

49 
! 40 

3' 



feet per j miles feet per 
minute, per hour, minute. 



686 

560 

434 



54 
55 
56 



756 
770 
784 



89 

84 
90 



lbs. 

86 
72 

65 



per 

cent. 

3-5 
14 
28 



C R., No. 33. 
Do. 
Da 



61 

55 
3S 



H 



36 
30 
20 



558 
465 
310 



40 

41 
44 



620 36 



34 
59 
47 



6 
5 

10 



C R., No. 125., 
Da 

Do. 



71 
55 

35 



4V.6 

3H 

1% 



H 
H 



22 
14.5 

155 



540 29 

355 I 30 
380 [ 26 



711 I 

735 ; 

637 



27 
64 

54 



25 

53 
40 



7 
17 

26 



Addihonal Examples^ reduced from iudicator diagrams. 



E,&G. R., Hebe... 
Do. 
Do. 

Do 

E. & G. R., Orion... 

Do 

£. & G. R., NUe.... 



75 
58 
45 

45 
57 

52 
68 



C. R.,No.43 

Do 

C R.,No. 13 

C R., Na 51 (old } 

valve) ) 

Da 

C. R.,No. 51 fncw ) 

valve) ( 

Da 



45 
18 
62 

41 
38 

46 



3 


H 


33 


56. 


40 


6S0 


34 


25 


26 






13 


221 


41 


697 


50 


26 


48 










30 


510 


72 


48 


33 










45 


745 


5^ 


23 


57 






20 


310 


30 


465 


58 
56 


48 


«7 






18 


279 


40 


620 


39 


30 




H 


30 


465 


40 


560 


55 


45 


18 










i 38 


589 


70 


56 


20 


3^ 


7- 






36 




63 


46 


27 


4K 


1 7.6 






54 


837 


58 


49 


'5 


3"/rt 


H 






32 


496 


48 


41 


>5 




H 






31 


480 


62 


55 


II 


\% 


'V.5 


20 


310 


40 


620 


55 


40 


27 






ao 


310 


49 


760 


45 


35 


22 



Such of the engines, table Xo. 97, as have lost all, or nearly all, the 
lead of their valves, as specified in the Uble, show a less degree of 
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wiredrawing than those which have sufficient lead. Thus» Na 35, which 
had lost nearly all lead, shows» for a shorter admission and a higher speed, 
a fall of 10 per cent of pressure, which is but half of that for No. 42, havii^ 
a J^-tnch lead. No. 51, with the old valve and the new valve, shows a 
correspondincf contrast; also No. 33 and No. 13. Such contrasts are 
explained by the fact that the loss of lead is caused by curtailment of travel 
due to slackness by wear of the gearing, and that the movements of the 
valve are cam-like, and are, while they last, tliose due to the original travel 
Long lap and long travel incur a less degree <^ wiredrawing than 
shorter lap and travel. For instance^ for the Hebe and the Nile^ having 
respectively '3 inch and i inch of lap, and 3 inches and 3^ inches of 
travel, the Nile, though with the lower speed of piston, yet cutting off the 
earlier, shows but two-thirds of the wiredrawing in the Hebe. The Great 
Britain, with twice the lap and a half more travel, with a higher speed of 
piston and a shorter admission, shows only 3^ per cent of wiredrawing, 
whilst the Hebe shows from 24 per cent to 48 per cent of wiredrawing. 

Puisations 0/ Sleant in the Cylinder^ mid Unduiatwns of the 

Indicator Diagram, 

One of the most CCMnmon irregularities of the indicator diagram is the 
initial excess of pressure with which the steam-stroke is frequently com- 
menced, exemplified in many of the preceding figures, and strikingly de- 
veloped upon the diagrams, figs. 191, 192, and 193, taken from two engines 



V%. 191.— C R., Na 1*4. Fif. 191.— C R., No. 1115. Fiip, 193.-41 IL, Na ns> 



of the same class, with 24-inch stroke. Figs. 191 and 192 were both 
described at a speed of 25 miles per hour, or 475 feet of piston per minute. 
In the first case^ the steam is cut off earlier than in the second, whilst the 

opening for preadmission at the end of tlic return-stroke takes place earlier. 
So it happens that, whereas in the latter instance there is little more than 
time for the entering steam to find its maximum pressure in the cylinder 
for the commencement of the steam-stroke, in the former instance the 
entrance is premature, for the steam fills the clearance while the piston 
has yet to complete a small part of the retum^stroke. A collision takes 
places a partial expulsion of the newly-admitted steam follows, and there 
is in consequence a great and momentary exaltation of pressure, which 
recovers its normal intensity before the piston describes 2 inches of the 
stroke. In fit^. 192, as the period of preadmission is less than in fig. 191, 
tlie piston attains the end of the stroke in time to meet the entering steam 
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without repelling it. The exaltation is therefore less, and the restoration 
of die cnrdinary pressure more gradual, at the same speed. At the lower 
speed of 15 miles per hour, or 190 feet of piston per minute, the initial 
(tisturbance in the same cylinder frequently assumes the undulatory appear-* 
ance of the dot-line in fig. 192, the extra compression naturally showing 
itself less than at the higher speed, as there is more time allowed for 
adjustment to the average steam-pressure. At still lower speeds, the verti- 
cal disturbance assumes the form of a vertical line, as the adjustment is 
effected before tlie piston starts on tiie sLeam-stroke. Fig. 193 was taken 
with periods <^ compression and preadmission intermediate between diose 
of figs. 191 and 192, and at a higher speed of 41 miles per hour, or 780 feet 
of piston per minute. The nipple of compression appears as a mean of 
those of the others. Thus, it is clear that the constant lead characteristic 
of the stationary-link motion, which was employed in the engines under 
notice, if properly adjusted for full gear, is abundantly sufficient for the 
timely entrance of steam, under all degrees of expansion, and at all speeds. 

The originals of the indicator diagrams from the Great Britain, having 
tlie stationary-link motion, show remarkably steady steam-lines, even at 
the highest speedy and under the greatest degrees of expansion; the only 
disturbance having been a very small initial excess of pressure of from 
2 lbs. to 5 lbs. per square inch, which does not in any case extend beyond 
half an inch of the stroke, after which the steam-line is perfectly straight 
till it nears the point of cut-off. The steadiness of action is attributable 
to the good proportions of the cylinder and valve-gear. 

As at least one class of violent vibratory movements — initial exaltations 
pressure — indicated on the diagram, are pictorial transcripts of the 
pulsations of the entering steam, there is reason to believe that much of the 
subsequent oscillation observable on some diagrams is developed by the 
steam's elasticity. Were the undulations in all cases due to the momentum 
of the moving members of the indicator, they should be independent of 
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the Speed of the engine; whereas^ in all cases, their periodicity coincides 
with the double-stroke of the piston. The M'Naught indicator employed 
was found to vibrate freely at the rate of 22 pulsations per second. Now, 
in fig. 194, described at a speed of i6}4 miles per hour, 3.2 single strokes 
of the piston were made per second. At the same lime, pulsations 
are indicated during the return-strok^ and they must have been delivered 
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at the rate of (3.5 x 3.2 =) 1 1.2 pulsations per second, which is only one* 
half the rate of free vibratioii of the indicator. It follows that tlie indicated 
undulations were, in fact, pulsations of the exhaust-steam. Fig. 195 is a 
compound diagram, of which the undulating figure was described at the 
higher speed, and it is remarkable that the undulations very closely coin- 
cide. Also, tlie rate and extent of pulsation is decidedly greater in this 
figure, during the steam-stroke, than in fig. 194 during the exhaust-stroke, 
and this is a difference which would not have occurred if the undulations 
were in all cases merely an afiection of the instrument. 

The influence of the want of lead in causing pulsations of steam in the 
cylinder is exemplified in the diagram fig. 196^ from Na 14, C. R., at a 
speed of 26 miles per hour, or 400 feet of piston per minute, in which the 
lead had vanished b\- w car. The maximum pressure was not attained till 
nearly 2 inches of the stic ke were described, the steam having been admitted 
precisely at the beginnin;,::. The first pulsation ranged through 50 lbs. of 
pressure per square inch, on a mean pressure of 80 lbs. This engine never 
worked, whilst under experimental observation, without a pulsatory action 
like that illustrated in fig. 196, which occasionally extended throughout 
the whole of the stroke, as figured in dot-lines. Now, compare this action 
with that of the steam in No. 13, C. R., an engine of the same class, of 
which the valves had the ir customary lead of 5/16 inch. In tiiis engine the 
diagrams^ fig. 197, at the same speed, 26 miles per hour, are square and 




1% 197.— C R., Nou 13. Fig. igL— CIL.Na tj. FIs. ^^.p-C B., N» i;^ 



solid. The pressure of steam during admission was 66 lbs. per square inch, 
and yet there is not a trace of agitation. Again, in the diagram, fig. 198, 
from the same engine, taken at a speed of 39 miles per hour, or 600 feet of 
piston per minute^ the preliminary nipple made its appearance; but the 

steam-line became perfectly straight, and the exhaust was as regular, In 
the diagram, fig. 199, taken at 54 miles per hour, or 830 feet of piston per 
minute, the undulations just match in extent those of No. 14, at half the 
speed. These comparative facts appear to show that the want of lead is 
as prejudicial to the action of steam as too much of it 

The influence of want of lead on the action of steam in the cylinder is 
likewise shown in the case of Na 102, C R. At the time of the trial of 
this engine, her valves had entirely lost tiicir lead in the first notch, or 
full-gear forward, though in mid-gear there was left 3/32 inch of lead. The 
sample diagrams, fipfs. 200, 201. 202, were taken for difiierent d^ees of 
expansion and for difi'ercat speeds, as follows: — 
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Fie 200 I per hour, 333 feet per minute. 

^* * I Dot line, 3d „ 23^ 



Fig. aoi. i i^^l^ line, 4th „ aij^ „ 409 » 

' I Dot line, 4th „ 26 „ 494 „ 

Fig. «02 5th „ 29 „ 551 

It is apparent that at the lowest speed of all, the steam, under 2d notch, 
fig. 200, without any lead, made the heaviest pulsation. The 5th notch, 



» 




Figt. 900, aot, ao3.— C. K , Na lot: Influeitce of Want of Lead. Pulsatiooa. 



fi^. 202, at the highest speed, showed the steadiest action, attained in 
consequence of the presence of lead. 

The influence of water in the cylinder on the action of steam is very 
considerable. Water appears in the cylinders in two ways: it primes over 
from tlie boiler, and it proceeds from condensation of the steam after it is 
admitted into the cylinder, even, it may be, in a dry state. The direct 
result of priming is to increase tlie resistance of exhaust, and to raise the 
back-pressure, imposing a duty upon die steam, of pumping the water out 
of the cylinder at an enormous sacrifice of power. To exemplify the 
injurmus iiinucnce of water in the cylinder, two series of diagrams were 
taken from the Orion, E. & G. R., immediately previous to and subsequent 
to blowing ofT of the boiler, when the water in the boiler had been unusually 
impure. Of these diagrams, average samples are shown, fig. 203, taken at 




Fig. 203. Fig. 204. Kig. 205. 

£. and G. R., Orion— 5tb notch. Orion— ut notch. C R., Na 73. 

lafluencc of Watar fai tfia CySndar. 



a speed of 600 feet of piston per minute. The dark-line diagrams were 
taken before the boiler was blown off, and the dot-line diagrams after. 
The back-pressure of exhaust was, by the substitution of clean water, 
reduced in these instances fix»m 9 lb& to about i lbs. per square inch. 
Another couple of diagrams^ fig. 204, taken from the same engine on the 
same consecutive days, shows in a striking manner how the indicator may 
be affected by the presence of water and impurities in the steam. 

Another example is supplied in the case of No. 73, C. R., fig. 205, which 
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Fig. 206. 
Gkm Briuun: Inflttenca of 
W««rbtbeCylliid«r. 



was always affected by back-pressure, caused by the exhausting of the 
steam into a cubical chamber situated betwixt the cylinders. The heavy 
line represents an average diagram taken from the cylinder, while the water 
in the boiler was muddy. The boiler having been blown off, and refilled 
with clean water, the engine turned off a better diagram, in light hning, 
fig;. 205, in which the back-pressure, which was 12 lbs. per square inch in 
the first dia<^ram. was reduced to 6 lbs. 

The injurious influence of priming is rendered apparent in the case of 
an over-full boiler, when the Great Britain locomotive 
was running at a speed of 45 miles per hour. The 
first diagram, fig. 206, in Uack lining, was taken when 
the engine was in ordinary working order; the second 
diagram, in light lining, was taken when the boiler 
primed heavily. The diapfram shows not only a re- 
duction of the stcam-linc from 63 lbs. to 5 i lbs., due 
solely to priming, but also an increase of back-pressure 
from an average of 1 5 lbs. to one of 24 lbs. per square inch. 

In the course of some experiments with Na 127, C. R., a six-coupled 
wheel goods-engine with expired ouside cylinders, 17 inches in diameter, 
the incidental back-pressure of exhaust was strikingly contrasted for low 
and high pressures, and for extreme expansive working. During a preliminary 
run of 20 miles, cutting off at 4 inches of a stroke of 24 inches, the diap^ranis 
in heavy and ^'\{^ht liniiv^, fig. 207, were taken at speeds of 17 miles and 
29 miles per hour respectively, or speeds of piston of 340 feet and 580 feet 

per minute, after the engine had run 
nine miles, and had got into r^ular 
working condition, yet; here die back- 
pressure amounted to 14 lbs. and 
12 lbs. per square inch: conspicuous 
instances of the influence of water in 
the cylinder, — arising, in this case, 
from internal condensation, — in ag- 
gravating back-pressure. When the 
engine was coupled to its train, the back-pressure, to a great extent, dis- 
appeared under larger admissions of steam and lower d^;rees of conden- 
sation, as exemplified by the dot-line diagram, fig. 207, taken at a speed 
of 23 miles per hour, or 460 feet of piston per minute, after doubling a 
summit, when the cylinder had been previous!)- well heated by hard work. 
Again, when the engine with its tender ascended the incline alone, at 
15 miles and 23 miles per hour, or 300 feet and 460 feet of piston per 
minute; the heavy-line and light-line diagrams, fig. 208, were taken, in 
which, whilst the pressure of steam admitted was 20 lbs., the back exhaust- 
pressures were 6 lbs. and 8 lb& But when, on the same incline, the engine 
with its train ascended at a speed of 13 miles per hour, or 260 feet of 
]^iston per minute, with 95 lbs. steam admitted, the back-pressure, shown 
in the dot-lining diagram, fig. 208, was nothing at all,— excepting the 




Kiy. 307. Fig. 208. 

C. R., No. laj: InfliMnoe of Water ia the Cyliadcr. 
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impression of a gust of steam from the ncic^hbouring cylinder. The 
contrast here is between the sluggish movements of wet steam and tlie 
nimbler movements of comparatively dry steam. 



Chapter V.— BEHAVIOUR OF STEAM IN THE CYUNDER 

DURING EXPANSION. 

The influence of the mass of the cylinder on the bdiaviour and efficiency 
of steam was recognized as early as 1843, when M. Combes,^ by a remark- 
able forecast, formed the opinion that in steam engines a portion of the 
steam admitted into the cylinder was immediately condensed on the less 

hot metallic surfaces, which had, a second previously, been in communi- 
cation with the condenser, and had had their temperature lowered in 
consequence; and that the condensation- water, independently of such 
water as m^t be drawn with the steam into the cylinder, was re-eva- 
porated during tiie period of expansion, so diat new quantities of steam 
were added to the steam already existing; and that tiie pressure fell 
less rapidly than in the inverse ratio of the volumes. This explanation 
appears to have been entirely overlooked. 

Mr. Thomas Craddock,'- in 1^46, formed similar opinions, based on 
the fact of the constant presence of water in the cylinder, which he 
described as very probably occasioned by the cooling of the cylinder, in 
consequence of its communication with the condenser, and the conden« 
sation of part of the fre^ steam admitted. He ai^ed that the temper- 
ature of the vapour was reduced by the fall of pressure when the cylinder 
was opened to the condenser, below the temperature of the metal, and 
that consequently re-evaporation of condensation-water took place, and 
the cylinder was cooled down correspondingly. 

Dr. Pole' similarly, in 1848, mentions tlie "accidental presence of water 
in the cylinder," whether in consequence of priming, or because "the 
temperature of the piston and the cylinder must be lower than that of the 
steam when first admitted, and a deposition of water will therefore take 
place at the commencement of the stroke." Moisture so introduced, he 
adds, would be re-evaporated as the steam expands. 

The author,* unaware of what had previously been published, as matter 
of probability, was impressed, in the course of his invcstij^ations in 1.S51. on 
the behaviour of steam in locomotives, by the marked contrast between the 
expansion-curves of inside cylinders and those of outside cylinders, inasmuch 

» Academic dcs Sciences. CompUi renduSt April 3d (voL xvL p. 649) and November 20th 
(vol. xriL p. 465). '843. 

' Thf Chemistry of the Sttam Etv^nc, 1846. 

* A Treatise on the Ccrmsk Pumping Engine, part iii., 1S48, p. I90. 

« " Expansive Working of Steun in Locomotives,'' Institution of Mechanical Engineers. 
Proceedings. 185a, pp. 63, 105. Also Raiixvay Machnury, 1851-55, of wUdk the pOltkn 
dealing with the investigation* re£ened to was published in 1S51. 

Vol. I. *• 
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as those of the former fell in pressure mudi more rapidly than tiiose of 
the latter, and suggestii^ condensation in the course of the expanston« so 
that there appeared to be much more work done in tiie outside cylinder 
than in the inside cylinder, with steam of the same initial pressure. But, 
arguing that, in the inside aiul niorc or less heated cylinders, the steam 
must work more efTiciently than in the outside and comparatively exposed 
cylinders, he conceived that the suc^t^cstcd action must be apparent rather 
tlian real, and that the comparative fulness of the diagram, and of pressure 
towards tihe end of the «cpansion-curve of outside cylinders, could only 
be derived from heat previously absorbed by die material of die cylinder 
from the steam when it was admitted, being in part reappropriated in 
resuscitating condensed steam. Having obtained this clue to the condition 
and behaviour of steam in cylinders, the author followed up the investi- 
gation experimentally, the results of which were published in 1851 and 
1852, as already noted; and are here reproduced in abbreviated form, 
recalculated in accordance with the results of the more recent investigations 
of M. Regnault on the properties of steam. 

In the diagram, fig. 209, the expansion of steam in the cylinder at 

a very low speed is exempli- 
^ fied. Let AR be the atmospheric 
line, equal to the lenc^th of the 
stroke of the piston, and the 
period of admission of steam, 
and the height a a the uniform 
indicated pressure 61 lbs., 
maintained during admission. 
Then the rectangle A ^ is the 
area of effective pressure, due 
to the period of admission 

Fig. ao9.— lodicaUMT Diagnun from Na 33, C. R., to lUusttate uudcr the Stcam-Hnc (2 r. The 

AeRueofEspaBMoa. thick-line expansion -curve ce 

shows the progressive fall of pressure to 23 lbs. durii^ an increase of 
volume when the face of the piston has passed from ^ to tiie rdease-line di. 

The total volume of clearance between the valve and the piston amounts to 
l.l inches in length of the cylinder, and this, added to the volume described 
by the piston, makes up the total volume of the steam. The stroke of the 
piston is 20 inches, and the points of cut-off and exhaust arc. by measure- 
ment of the diagram, 6.9 inches and 15 inches from the beginning of the 
stroke. Add to each of these the clearance, i.i inches, and the sums, 8 and 
16. 1, are the inches of stroke occupied by the initial and the final volumes 
of steam, at the beginning and the end of the expansion. Add the rect- 
angular space AC, I.I inches wide, to represent the clearance, and draw the 
zero-line of pressure de at a level 15 lbs., by scale, below the line a B, 
as the base-line for the expansion -cur\'e. The total initial and final 
pressures of the steam during expansion, represented by c f and t'^, are 
76 lbs. and 38 lbs. Thus, while the total volume was increased from 
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Z inches to 16 inches, or doubled, the total pressure fell from 76 to 38 lbs., 
or to one-half. Here is a coincidence with Boyle s law of expansion at the 
extremities of the curve; that is, the pressure is inversely as to Uie volume. 

But if the period of expansion /g" be divided into four equal parts, 
marked by vertical ordinates, these ordinates will measure successively 
56 lbs., 47 lbs., and 41 lbs. of total pressure, for w hich the total volumes 
arc 10 inches, 12 inches, and 14 inches of the stroke, respectively. By 
Boyle's law these pressures would be: — 

For 10 inches, 76 x = 60.8 lbs. 
„ .12 „ 76xy*'5 = 5o.6 „ 
14 „ 76x^ = 33.4 „ 

These arc all in excess of the indicated pressures, and they belong to 
the curve ce, in dot lining, which properly represents the result of Boyle's 
law, and which touches the actual curve only at the extreme points c and e. 

Again, if the steam had neither parted with nor gained heat durii^ the 
expani^km, it would have expanded sensibly according to the laws of simply 
saturated steam. The relative volume of saturated steam, of 76 lbs. 
absolute pressure, is 349, and this is doubled for the expanded volume, or 
becomes 698, which is the relative volume due to saturated steam of 
36)^ lbs., being lbs. less than the indicated pressure. 

For tJie three intermediate volumes the saturated pressures are found in 
tiie same way, 60 lbs., 49^ lbs., and 42 lbs. The four pressures thus found 
are exhibited by the curve of saturation in light lining, fig. 209, which, for 
the greater part of die expansion, lies above the curve actually described, 
and crosses and passes below it near the extremity. It is hence to be 
inferred that partial condensation of steam took place during the early 
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xst Notch. st^ Notch. 6th Notch. 



7th Notch. Mid Notch. Mid Notdi. fauk Gmt. 

Hgi. 910.— Slow IHag»aai»fimi No. 33, C R. 

part of the expansion, and was succeeded by a slight re^aporation when 
Uie temperature of the steam, which fell with die pressure, became lower 
than that of the cylinder. 

The expansion-curve now discussed belongs to one of a series of indi- 
cator diagrams, figs. 210, taken consecutively from a cylinder of No. 33 
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passenger locomotive on the Caledonian Railway, with different periods of 
admission and expansion, as regulated by the notches of the valve-gear. 
The ratios of the initial to the final volumes expanded, clearance included, 
are from i to 1. 14, to l to 3^, and the final pressures by Boyle's law vary 
from 2 lbs. in excess to 10 lbs. in deficit, compared with the indicated 
pressure The curves of expansion due to Boyle are shown in dotting, and, 
takinff them as approximately indicative of the lines of expansion, which 
would have been described had there not been an\' of the successive con- 
densation and re-evaporation already referred to, it appears that, since the 
actual curve sinks below the dotted curve in the first stages of expansion, 
and rises above it in the later stages, if sufficiently prolonged, the steam was 
copdensed, and then re-evaporated, so that occasionally there is more sensible 
steam at the end than at the beginning. The mass of the cylinder is^ in short; 
an equalizer tending to reduce inequalities of temperature and pressure. 

These diagrams, figs. 210, were taken after the engine had been at rest 
for some hours, when the cylinder had cooled considerably. The loss by 
condensation of steam admitted into comparatively cool cylinders is strik- 
ingly exemplified by the indicator diagram, fig. 211, taken finom Na 125, 

C. R., a goods engine with outside 
cylinders, immediately at starting; 
after two hours of inactivity. The 
diagram presents a falling pressure 
during admission, the result of 
condensation ; whereas, had the 
cylinder been quite hot, the curve 
would have followed the dotted 
line. Again, the diagram, fig. 213, 
from tile same cylinder, cutting off at s}4 inches of the stroke, shows a 
large resuscitation of steam during the later part of the expansion. 

The slow diagrams^ figs. 213, were taken from Na 13, C R., immediately 
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Vif, Ml. 



Tlf. m. 

from No. 13$, C. R., to 
Cdadeaiaiion of Steam. 




itt Notch. 



ad Notch. jd Notch. 

Ftgs. «3.— Shnr IndieMar Disgmnt tnm No. tj^ C R. 



Uia Notch. 



after having made an express trip, while yet the cylinders were hot. They 
are sharp and square, and exhibit nothing of the indecision noticeable in 
those taken from No. 33, figs. 210. The dotted expansion lines show the 
curves according to Boyle's law, by which the pressures axe inversely as the 
volumes; and in the hotter qrlinder of No. 13 an expansk>n into one and 
a half times the initial volume brings up the pressure to an equality with 
that which is calculated by Boyle's law, as illustrated by the dot curves; 
though in No. 33, having the colder cylinder, an expansion into double the 
volume was required for the same result 



Digitized by Gopgle; 



BEHAVIOUR OF STEAM DURING EXPANSION. 469 

Of the Expansion of Steam in tJu Cylinder during Regular Work, 

The types of locomotives, the indicator diagrams from which arc now 
to be discussed, arc shown in cross section throuijh the cyUnders and the 
smoke-box, in the figures 188, 189, 190, page 457, in connection with which 
the principal dimensions are given. 

The table No. 99, founded cm the indicatof diagrams taken from the 
Great Britain, shown in Plate I., exhibits the manner in which they 
have been analysed in relation to the expansion -lines. The points of 
cut-oiT and exhaust, including 1.80 lineal inches for clearance, with the initial 
and final volumes for expansion, arc c^ivcn in the subjoined tablet. The 
volumes are calculated as the product of the area of the piston, 1.767 square 
feet, by tlie periods of total admission, and the lineal measures of the total 
expanded volumes, in feet 



Oiim*T 

BlUTAIH. 




a«araaoe. 


Initial 
Voluim. 


Final 
Volume. 


Actual Ratio* 
of Expaimon. 


Notch. 

Nai 

•t 3 

» s 


incbet or feet. 

17.8 or 1.483 

13.82,, 1.150 
8.8 „ 0.733 


inches or fecL 

23.8* or 1.900 
20.82 „ 1.733 
i8.8» „ 1.567 


cubic feel. 
3.630 

2.032 
1.29s 


cubic feeU 

3-357 

3.062 

2.769 


ratio*. 

1 to 1.30 

I „ 1-50 
1 „ 2.14 



* The period of exhaust is taken at at inches, for a whole number, plus 1.8 inches. 

* The poiau of ctttK>ff and exhaust an taken at xa inches and 19 inches; plus i.B inches each. 

* The point of cidiaiisi Is taken at 17 inches. 



The observed speeds of the engine, and the calculated speeds of the 
piston, are stated in columns 2 and 3 of table No. 99. The sensible initial 
and final pressures of tiie steam, above Ihe atmosphere^ measured from die 
diagrams, are stated in columns 4 and 5. The initial and final weights of 
steam, assumed meantime to be saturated, columns 6 and 7, are calculated 
by multiplying the total volumes of the steams respectively, including 
clearance, by their densities or wcit^'hts per cubic foot Lastly, the difTer- 
ences of the initial and final weights of sensible steam, with tlicir values 
as percentages of the initial weights of steam, arc given in columns 8 and 9, 
the percentage in excess being marked + (plus), and those in deficiency 
narked — (minus). 

It appears from tiie table that, in nearly all instances, there is less 
sensible steam, taken as saturated, at the end of the expansion than at the 
beginning; also, that the influence of speed on the dificrence of the wcii^ht 
of steam is not appreciable excej)t under the first and fifth notches, when 
at the two lowest speeds the final weight of steam is nearly the same as, or 
greater than, the initial weight In these instances, it is intimated that 
preliminary condensation in a comparatively cool cylinder, and subsequent 
re^aporation, took place. On the contrary, tihe reduction of we^ht of 
steam during expansion, when the cylinder is well warmed up, expressed 
in parts of the initial weiq^ht. increases as the ratio of expansion is increased, 
the average reduction amountincf to 5.05 per cent, 7.55 per cent, and 
9.20 per cent, for the first notch, third notch, and fifth notch, respectively. 
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Table No. 99. — Great Britain Loco.motive — Expansio.n and Weight of 
Steam in the Cyundbr, from Indicator Diagrams. 1850. 



Cylinder 18 indict X 84 iacihes; toud ckanuioe 1.8 StMin uMUttcd to be 

saturateti, for calculation. 



FnuT Notch: Cta^offattf/paromt; 


nliMiitatl^ptrcMti m 


malfitioorai 


rpusVin, t to 1.301 


Number of 
Diagram. 




Id of 


Net Fmtttie per 


Weight of ScBiible, 






Ensiite. 


PUton. 


InitiaL 


Final 


Initial. 


FluL 


Difference. 


t 


s 


3 


4 


S 


6 


7 


1 


9 


No. 

as 
26 

aj 

98 

39 

30 
31 
3a 
33 


miles per 
hour. 

«5 

t7 

31 

a4 
97 

31 
31 
49 
54 


feet per 
minute. 

210 

238 
294 
336 i 
378 

434 ' 

434 

686 

756 


Ifaa. 
70 

88 

94 
84 

74 

86 

80 

1^ 


Ibc 

50 

65 
65 

57 
49 

55 
56 

34 
60 


0.5188 

0.6218 
0.6549 
0.5988 
0.5416 
0.6103 
0.5760 
0.4148 

a6xo3 


lb. 

0.5163 
0.6275 
0.6275 
0.5681 

a5090 

0-5533 
0.5607 

0.3958 

0.5905 


lb. 
0.0025 

0.0057 
0.0274 
0.0307 

ao396 

0.0570 
0.0153 
aoi9o 
aoi98 


per cent. 

- 0.48 

+ 0.92 

- 4.18 

- 5- 13 

- 6.09 

- 9.34 

- 9.66 

- 4-5« 

- 3 *4 


Averages 
No». 97-33 




474 


79-4 


53.7 


0.57*4 


0.5430 


0.0288 


- 5.05 


Thoio Notch: CatKtffatsopcrco* 


t; exhaust at 8a per cat: 


actual latia of 




34 

35 
36 
37 

38 

39 
40 

41 

42 


17 

18 

21 
96 

31 

32 
40 

51 

55 


238 

252 

294 
364 

434 
448 
560 

714 

770 


87 

70 
j 90 
1 72 
75 
79 
65 
55 
72 


48 

37 
48 

38 

38 
38 

33 
98 

37 


0.4777 

0.4024 

0.4905 

0.41 13 

0.4245 

0.4422 
0.3798 

0.3349 

1 0.4113 


0.4570 

0-3953 
0.4572 
0.3886 

0.38S6 
0.3886 

0.3540 
0.3 19 1 
0.3816 


0.0907 

0.0071 
0.0333 
0.0227 

00359 
0.0536 
0.0258 
0.0158 

0.0297 


- 4-33 

- 1.76 

- 6.79 

- 5-52 

- 8,46 

- 11.58 

- 6.79 

- 4.7a 

- 7.22 


Averages 
Nos. 36-48 




5"| 


1 72-6 


37-1 


0.4133 


0.3821 


0.0312 


- 7-SS 


Fifth Notch: Cut-off at 39 per cent; exhaust at 73.5 per cent; actual ratio of ezpaaaioa. i to a. 14. 


43 
44 
45 
46 

47 
48 

49 
SO 


17 
18 

21 

98 

31 
36 

50 
56 


238 

252 
294 

39a 

434 
504 
700 
784 


89 

70 

93 
74 
80 

63 
55 
65 


33 

24 

33 
21 

22 
17 

IS 
16 


0,3099 
0.2565 
0.3208 
0.2677 

0.2847 
0.2365 

0.2135 
0.948 1 


0.3201 
0.2636 
0.3201 
0.2439 
0.2506 
0.2185 
0.2057 
a9i8i 


0.0102 
0.0071 
0.0007 
0.0238 
0.0341 
0.0180 
0.0078 
0.0300 


+ 3.29 

+ 2-77 

- 0.22 

- 8.89 

- 11.98 

- 7.61 

- 3.6s 
-I8.39 


Averages 
Nos. 4^50 




563 


67.4 


X8.9 


a9489 


0.2960 


ao929 


- 9.20 
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In the abstract table, Na loo^ which follows, therefore, the speeds are 
oimtted, as unnecessary for making comparisons, but the points of cut-ofi 
and exhaust, and the actual ratios of expannon, are given. The contents 
of this tabic arc based on the averac^c results of detailed tables compiled 
for each of the engines named, similar to table No. ly) for the Great 
Britain, derived from the evidence of several indicator diagrams in each 
case, taken from the engines whilst on regular dut>-. Inside cylinders and 
outside cylinders are classed sq>arately. The results from the other inside 
cylinders are corroborative of those from the Great Britain; and it is 
shown that, for an average cut-off of 52.4 per ceni; or little more than half- 
stroke^ the average reduction of weight of steam, taken as saturated during 
expansion, is 6.27 per cent 



Table Na zoa — ^Expansion and Weight of Stbam in the Cylinders of 
Locomotives, Inside and Outside, from Indicator Diagrams. 1S50. 

INSIDE CYLINDERS. 



Naic* or 
Emcimb. 


NoloT 
Notch. 


Cut-off 


Ex- 
haust. 


0 c 

fl 
1? 


Net Pressure 
per Square 
Inch during 
Expansion. 












Initial. 


FiaaL 


loitiaL 


Final. 


DiAcrences. 


1 


> 


3 


4 


S 


6 


7 


t 


a 


w 


»« 


Great Britain... 
Do. 
Do. 

Nfle 


No. 
I 

3 

Gab. 


per cent- 
67.0 
50.0 
29.0 
67.5 

44-4 


per cent 
89.0 
72.0 
72.5 
89.5 
89.0 
77.0 


rati". 
1.30 
1.50 
2.14 

1.30 

1.50 

1.64 


79-4 
72.6 
67.4 
36.4 
46.5 
46.0 


lU. 

537 

37.1 

18.2 

22.1 


lb. 
0.5724 

0.4133 
a2489 
a 1931 

0.1024 


lb 

0.5436 
0.3SJ1 
0.2260 
0.1833 

0. 1 ,So6 


0.0288 

0.03 1 2 
0.0229 
0.0088 


per cent. 

- 505 

- 7-55 

- 9.20 

- 4.57 

- 6.13 

- 5 28 




5 


21.5 
19.0 


O.OII8 


Hebe 


5 


0. 1 496 


0.1417 


0.0079 


Averages 


■ 

• • • 


524 




1.56 


... 1 


... 


• • • 1 • • • 


... 


- 6.27 








OUTSIDE CYLINDERS. 








C. R., No. 13.... 

Do. 

C R., No. J3.... 
Da 

C No. 41.... 
Do. 

C R., Na 43.... 

Do. 
Do. 

C.R., No. 51.... 
Da 

CR.,Nat35... 

Do. 
Do. 

CR.,Nai27... 


I 

2 

5 
7 

I 
2 

3 
4 
S 
3 
4 

3 

3 
4 
5 


62.6 
49.0 

54.5 
34.5 

704 

64.0 
53.4 

43-4 
15.4 
45.6 
28.6 
72.0 

55-4 
36.0 
19.0 


86.5 
81.5 
86.0 
75.0 

91.0 
86.0 
84.5 
78.5 
68.5 
82.0 
70.5 
92.5 
89.0 
85.5 
61.0 


..35 

1.60 
1.52 
2.01 

1.26 

I.3I 
1.52 
1.70 

3-33 
1.72 
2.20 
1.27 
1.54 
2.16 
2.84 


52.0 
45.0 
56.0 
46.0 
36.0 
26.0 
55.0 
49.0 
68.0 
59.0 
50.0 

33-0 
48.0 

370 
57.0 


34-0 
24.0 
27.0 
16.5 
24.0 
16.0 
30.0 

22.0 
22.0 

29.0 

20.0 

20.0 

26.5 

135 
20.0 


0.2269 
0.1644 
0.2049 
0.1 184 
0.1940 
0.1446 
a2038 
0.1566 
0.0890 
0.183S 
0.1 117 
0.3857 
0.2924 
0.1670 
0.1267 


0.2268 

0.1735 
0.1909 
O.1281 

o.kxjS 

0.1457 

0.2043 
0.1582 
0.1397 
0.1927 
ai36o 
0.2659 
0.3071 
0.2057 
0.1S26 


0.0001 

0.0091 
0.0140 
0.0097 

0.0032 
O.OOI I 

0.0005 
aooi6 
0.0507 
0.0089 
0.0243 
aoi68 
0.0147 
0.0387 
0.0559 


- ao4 

+ 5-54 

- 6.83 
+ 8.19 

- 1.65 
+ 0.77 
+ 0.24 
+ 1.02 
+ 56.94 
+ 4-84 

- 5.88 

+ 503 

+ 23.17 
+ 44-IO 




... 


47.0 


• • • 


1.82 


• 


• 








•l-IOuOS 



With respect to the differences of the weights of sensible steam at the 
points of cut-off and exhaust, in the inside C) linders, calculated on the 
supposition that the steam was saturated durint^ the whole period of 
expansion, the fact that the final weight thus calculated is less than the 
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initial weight is evidence that the steam was, in fact; not saturated but 
superheated, and ^t it bdiaved as a permanent gas during expansion, 

adiabatically. 

The action of the steam in the outside cylinders is broadly distinguished 
from that of the steam in the inside cylinders. It is shown that, for an 
averac^c admission of 47 per cent, and an averaj^e expansion-ratio of r.82, 
there is a positive excess of lo.oi! per cent of steam at the end of the 
expansion above the initial weight— contrasting w ith the negative diflerenoe 
for the inside cylinders. But, in four instances of low ratios of expansion, 
with long periods of admission — of Nos. 13, 33, 41, and 125 — the final 
weight of steam is less than the initial weight. These differences are to be 
interpreted in exactly the contrary sense to those of the inside cylinders, 
for they signify that the steam was partly condensed during expansion 
correspondingly to the condensation already shown to have taken place in 
outside cylinders in the earlier parts of the expansion period, and which 
was succeeded by re-evaporation in the later part It is clearly indicated 
by the several groups of results for each engine that, whikt the initial 
weight of sensible steam is reduced as the period of admission is reduced, 
the final excess of weight is absolutely increased. For instance, in C R., 
Na 42 — 

Cutting off at 53.4 43.4 15.4 per cent, 

The initial weight of steam cut off is.. 0.2038 0.15O6 0.0890 lbs., 
The tinal excess weight of steam is... 0.0005 0.0016 0.0507 „ 
Being, in parts of lint initial steam +0.24 + i.oa + 56.94 per o&aL 

The increase of the weight of re-evaporated steam, previously condensed, 
at the end of the expansion, in excess of the weight at the beginning of it, 
as the steam is cut off earlier and expanded more, in outside cylinders, is 
graphically represented in the diagram, fig. 214, in which the base-line AB 
represents the length of the stroke, and is divided into ten parts of 10 per 
cent each. The points of cut-off in the tiiird column of table 100^ for 
outside cylinders, are set off on the base-line from b, and from tiie points 
80 found ordinates arc drawn to the base-line, on which the percentages of 
excess-weight are set off according to the vertical scale^ and indicated by 
crosses. The medium curve cda', traced through these crosses, represents 
the average indicated excess-wcii:;;ht of steam at the end of the expansion 
according to the period of admission. The negative excesses, or positive 
deficiencies^ are plotted below the base-line. It is shown that in cutting off 
at 10 per cent of the stroke there is 80 per cent excess final weight, whidi 
diminishes as the period of admission increases, until, in cutting off at 
53 per cent of the stroke, the excess vanishes. For longer periods of 
admission there are deficiencies of weight, as represented by the dotted 
portion of the curve below the base-line. This cur\'C will bear intcrjircta- 
tion. The negative section of the curve indicates positive condensation as 
well as the positive section, and the curve of actual condensation must be 
above tiie base-line for the whole length. The negative quantities marked 
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A 




by crosses may be plotted at equal distances above the base-line^ as repre- 
sented by smjdl squares. There are plotted in addition, marked by circles, 
five actual results of trials with Nos. 42 and 48, CIL, 
of which an account will be given. The cun,'C has 
therefore been rectified by the insertion of the solid 
line in substitution for the lower part of the cur\'e, 
forming the curve CA', and interpreting and embody- 
ing more directly the experimental facts of conden- 
sation. 

The table Na loi is constructed from the curve 
as finally settled. For the percentages of admission, 
in column l, the excess final weights of sensible 
steam, or indicated condensations, are given in col- 
umn 2, and expressed in parts of the sensible initial 
weights of steam. Column 3 shows the cor- 
responding values of the excess weights, or 
indicated condensation^ in parts of the gross 
weights of steam 
admitted into the 
cylinder, which 
are taken as ex- 
pressed by the 
final weights, 
comprising the 
initial sennble 
steam plus the 

positive excess-weight of steam or indicated- condensation. This column 
is intended to show the indicated proportion condensed of the whole 
steam admitted. Column 4 shows the corresponding actual ratios of 
exjjansion reckoned to the point of exhaust. These were ascertained by 
plotting the volumes of expansion expressed by ordinatcs to a base-line 
lepiesenting the length of the strolce, and tracing a curve tiirougfa them 
from which the values in column 4 were measured off. Column 5 shows 
tiie actual ratios of expansion reckoned to the end of the stroke. By 
columns 6 and 7 it is designed to show the relative absolute weights of 
steam condensed for the different periods of admission. For this object, 
the total volumes of steam cut off are expressed in column 6 by the period 
of admission plus the clearance, which is here taken as 5 per cent of the 
stroke ; and the relative absolute weights of steam condensed are expressed 
in column 7, in whidi the absolute weight of steam condensed for 10 per 
cent admission, or 15 per cent total admission, is taken as i. The relative 
absolute values for this and the other admissions, being directly as the total 
periods of admission, column 6, and as the percentages of condensation, 
column 3, they are expressed by the products of these quantities. For 
instance, for 10 per cent admission, or 15 per cent total admission, the 
steam condensed is 44 per cent of the whole steam admitted, and it is 



o^f"" + ■ 

Periods of Adnution or Cut-ofT. 
to ibow labial Condens^ation of St«am in UopnttcHd Qjplinden, 
workod espatuhrdy. 
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absolutely as (15 x 44.8) 66a For 15 per cent admis^on, the steam 
condensed is 36 per cent, and it is absolutely as (aox 36«>) 72a If» then, 

the value 660 be taken as i, the value 720 is (72o-r66o=) 1.09. These 

and the correspondini:^ values for the relative absolute wci^^hts of stcanJ 
condensed, for the other periods of admission, are as ranged in column 7. 

Table No. loi. — Outside Cylinder LocoMomns, C. R. 
Indicated Proportion op Steam Condensed in the Ctunder roR various 

Periods op Admission. 185a 

Minimum values, being values as indicated. 



AdniMion. 
IK puts of 
dw Smke. 

t 


Weight of Steam, 
or Indioitett 
Proportion of Steam 
Ci»rn'.rTisc<l, in p;»rts 
of Iniiml Sensihie 
Weight admitted. 

a 


1 11^1 in t f*! ' 

Pmp>irtion nf 
Ste.vii ci^iiilctifcd, 
in parts of (jross 
Indicated Weight 
of Steam 
admitted. 

3 


Actual Ratio 
of kxpanskm 
10 Foimtcf 

4 


Actual Ratio 
Stroll*. 

5 


pwipd«r 

phn^pOToent 

6 


Relative 
Absolute 
Wnhrhii of 
Sleam Coa* 
densed; that 
tor to per cent 
admission bein; 
taken ~ i. 
7 


per cent. 


per cent. 


per cent. 


ratio. 


ratio. 


per ccnL 




XO 


80.0 


44.0 


4.00 


7.00 


15 


Z 


15 


57.0 


36.0 


3-40 


5-25 


20 


1.09 


20 


41.0 


29.0 


2.85 


4.20 


25 


1. 10 


25 


31.0 


23.6 


2.50 


3.50 


30 


1.07 


30 


23.0 


Z8.7 


2.20 


3-00 


35 


•99 


35 


17-5 


15.0 


2.00 


2.62 


40 


.91 


40 


1 1.0 


1 0.0 


1.83 


2.33 


45 


.68 


45 


7-5 


7.0 


1.70 


2. 10 


50 


•53 


50 


4.5 


4-3 


1.60 


1. 91 


55 


.36 


55 


3.5 


3-4 


1.48 


1.75 


60 


.31 


60 


30 


2.9 


1.40 


1.62 


65 


.29 


70 


».75 


2.7 




X.40 


75 


•30 


80 


2-5 


2.4 


115 


1.24 


85 


.31 


90 


2.25 


2.2 


1.075 


I.I I 


95 


•32 


100 


2.0 


2.0 


I.OO 


1.00 


ICS 


•32 



With reference to this table and the data upon which it is based, the 
proportions of steam condensed, as indicated, are to be taken as minimum 
values deduced from the indicated preponderance in weight of steam at 

the end of the cxi^ansion over the weight of steam as cut off. The actual 
values for the higher degrees of expansion are certainly greater than the 
indicated values, for the reasons already given. The relative absolute 
weights of steam condensed, as in column 7, exhibit, in a striking manner, 
the formidable degrees of condensation that prevail for the shorter admis- 
sions. It may be taken that for all periods of admission shorter than 
35 per cent the weights of steam condensed are absolutely the same^ 
although the total weights admitted may be greatly reduced. 

The author's conclusions from the foregoing investigations of the be- 
haviour of steam in the cylinder during expansion, were summarized as 
follows, in 1 85 I, in Raik>.-aj Machiticry, from which quotations are made: — 

"In general, it is to be concluded that, first, when the cylinder is 
tlioroughly immersed in the hot-batli of the smoke-box, tlic temperature of 
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which is commonly much higher than that of the steam, the quantity of 
water existing as steam during expansion is virtually constant. Secondly, 
when the cylinder is placed nearly or entirely beyond the influence of the 
heat of the smoke-box, or is protected only in the usual manner by felting 
and plating, the quantity of water or steam varies very considerably during 
expansion. It suffers a rapid and transient diminution during the first 
stages of expansion, and remounts to an excess over the initial quantity, 
which increases uniformly as the ratio of expansion is prolonijed ; till, 
for a final volume of about 3^ times the initial volume, when the steam 
is cut off at 15 per cen^ the excess amounts to 57 per cent of the weight 
of sensible steam cut off, or, otherwise, to 36 per cent of the gross quantity 
of steam admitted." 

" The foregoing results are directly contrary to what might have been 
anticipated, as, at first sight, they appear to show that tiie less protected 
the cylinders, the more work is done with a given initial quantity of steam. 
In the inside cylinder, so far from any apparent evaporation or accession to 
tlie total weight of the steam during expansion, the quantity is at least not 
more than constant; and is, in fact, slightly redu^ during expansion. 
The outside cylinders, on the contrary, show, by die great excess of steam 
at the end of expansion, very significant amounts of factitious evapora- 
tion. In this case, as in that of the low-speed diagrams, the difference is 
referable to a primary condensation of the steam during admission, by 
which water is formed, whilst the temperature of the cj'linder is raised. 
After suppression, and when the steam temperature falls by expansion 
below the newly-acquired temperature of the cylinders, the hot water 
flashes into steam in virtue of its own heat and that of the cylinder, 
according to the law of the maximum density and pressure for die 
temperature; and what appears, at first sight, to have been positively 
one advantage of an exposed cylinder, in the auxiliary evaporation during 
the later stages of expansion, is nothing more than a partial resuscitation 
of the precipitated steam, as a compromise for lost initial action. The 
greater the proportion of expansion, the greater is the final excess of steam, 
as the extreme temperatures become more widely different; and, moreover, 
for the higher degrees of expansion, smaller absolute volumes of steam are 
admitted, for which there is always the same cooling superficies of cylinder ; 
and this is relatively greater, of course, as the period of admission is reduced. 
In the inclosed inside cylinder, on the contran,', bathed in hot air or enveloped 
in cinders, actually hotter than the steam that passes through them, the 
initial pressure of the steam as it enters the cylinder is maintained in its 
integrity, as, even for tlie greater expansions, tlicrc appear no symptoms of 
a resurrection of steam. The evidence goes rather to show that the steam 
is superheated during its passage throi^h the steam-pipes previous to 
admission. 

**An elegant confirmation of these conclusions on the condensation 
of steam insufficiently protected, is derivable even from the inside cylinders 
of locomotives themselves. It is known by observation tlia^ whatever be 
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the temperature in the smoke-box during the actbn of die blas^ it falls 
very rapidly to about 200* F. when the steam is shut off. On starting 

from a station, therefore, the atmosphere of the smoke-box requires raising 
in temperature, which involves a little time for its accomph'shmcnt. During 
this interval, the cyhnder is colder than the steam, but is bccominiT^ gradu- 
ally hotter— a process wliich may be plainly traced over a succession of 
indicator diagrams, taken at short intervals after starting. For example, 
on the occasion of an express trip from Edmburgh to Gla^w with the 
Nile, R and G. It, of which the average results are given in table Na loc^ 
the train, starting from Unlithgow station, passed the mile-posts at the 
intervals and at the speeds given in the following tabl^ No. 102, in the 
last column of w hich are contained the successive diftcrences of weights of 
steam at the beginning and the end of the expansion. The steam had 
been shut off for a period of 3 minutes 40 seconds before the engine 
started; and though this period of inactivity seems very short, yet the 
engine was, as usual, pumping air into aqd out of the cylinders after 
the steam was shut off, and cooled down before the engine arrived at 
the station. 



Table Na los.— Nils, R and G. R.: Gradual Rehsatino or the Cvunder 

AFTER LEAVING LlXI.ITIir.OW. 1S50. 







Speed of 
Passing 
Mile-posts. 


Difference of 1 
Wcighu of 
Initial and j 

Finftl Stcsuni. 










k «. ». 


nll««pr.lMar. 


po-ent. 


Linlithgow depart- 




mile-post 


II 8 40 






» 


n 


17 




II 10 


150 


+ 0.13 




it 






" 35 


33.5 


-I.18 




tf 


18 




13 50 


24.0 


+ 1.70 


» 


tf 


»9 




16 12 


27.0 


-1-33 


» 


tt 


so 




18 17 


30.0 


-2.51 




tt 


31 




30 13 


33.0 


-4.46 


i> 


If 


33 




22 0 




-4.76 


>t 


I* 






23 40 


34.0 


-3-94 


tt 


tt 






34 30 


34-0 


-5." 



"This table shows that the train had run nearly two miles before the 
positive differences of weight, indicating internal condensation and re- 
evapor.ition, disappeared ; and only when the engine reached the twenty- 
first mile-post, after a run of 5 miles, during an interval oi minutes, 
did it appear to have got into r^lar order, when the negative differences 
of weight in the last column, which indicated a superheated cylinder, had 
ceased to augment; and became practically constant, by a process due to 
the g^dual rise of tiie temperature in the smoke-box about the cylinders." 

"The loss by condensation proved to have been incurred in the outside 
Qrlindcr, great as it has been proved to be, for the shorter periods of 
admission is, after all, only the obvious loss discoverable in the indicator 
diagram, which is certainly less than the actual loss; for it cannot be 
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assumed that the final weight of steam, even for long periods of expansion 
and short admission^ represents the total quantity of steam that enters 
the cylinder. There most necessarily be an extra constant percentage 

of loss by condensation, which never appears in the diagram, and is dissi- 
pated through the sides of the cylinder, setting out, as \vc do, with the 
proposition, now established, that the outside or imperfectly protected 
cylinder is partially a condenser. The heat so dissipated leaves in the 
cylinder a constant quantity of water, which is exhausted with the steam, 
and only makes itself fdt in the diagram by an exaggeration of the back- 
pressure: 

" Though it has been found, therefor^ that an expansion into a volume 

of 1.50 — the steam being cut off at 53 per cent of the stroke — indicates 
equal wci^.dits of steam, initial and final, it does not prove the absence 
of condensation, any more than an expansion of 1. 40, steam being cut off 
at 60 per cent, indicating a final weight less by 2]/^ per cent than the 
initial weight, proves, under the given conditions, a case of initial super- 
heating; such as was fairly inferred for inside qrlindera The equally 
of the initial and final weights, in the first cas^ simply shows that the 
initial condensation continues until the expansion is partly accomplished, 
and is succeeded by re-evaporation during the remainder of that period. 
For the shorter expansion 1.40, and, of course, for still smaller expansions, 
with larger admissions, the quantity of water re-cvaporated being in- 
sufficient to restore equality of initial and final weights, an inferior final 
weight of steam is the result And although in these cases die conden- 
sation, less obvious on the expansion-curv^ is not the less a reality, it 
is probable that the constant condensation is less in amount than for 
greater expansions. . . . Seeing, then, that the indicated expansion- 
curve leaves us in a state of uncertainty as to the whole loss of effect 
by condensation, though we know that what we do discover by an exami- 
nation of the curve is certainly less than the actual loss, we can at present 
only regard the ordinary loss by initial condensation in outside cylinders, 
woricing witli 35 per cent of admission — a common practice on ordinary 
railways — as at least 15 per cent of the steam delivered into the cylinder. 
It is certainly more; and the amount of die real loss is matter for further 
consideration. To cause initial condensation, it is not even necessary 
to assume that there is any external dissipation of heat, for, however well 
a cylinder may be protected from escape of heat externally, it must 
operate as an equalizer of heat by, in the first place, condensing a part 
of the steam as it enters, and, secondly, partially restoring the heat only 
when the pressure has fallen. It is dierefore necessary for the perfect 
employment of steam in the cylinder to maintain the temperature of 
the latter at least equal to the initial temperature of the steam by independ- 
ent means applied without the cylinder, in place of ruinously drawing 
upon the constituent heat of the steam within." 

"These results sufficiently explain how it happens that expansive work- 
ing in locomotives, especially in outsidc-cyiindcr engines, is in practice 
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carried out to such a limited extent We have rarely found (1850) on 
the Caledonian Railway — a line stocked with outsidenylinder locomotives 
•^that a cut-ofT materially less than 30 per cent of the stroke is voluntarily 
adopted by engine-drivers. In their own words, they 'lose as much as 
they gain' if they endeavour to work with a suppression much less than 
30 per cent; and yet it is not easy to conceive a line better atla])ted 
than the Caledonian, composed of long and steep double-gradients, for 
the practice of highly expansive working. The balan^ of loss and gain 
above noted is abundantly explained by the extra condensation which 
attends the earlier cut-off, and is not at all referable to the popular notion 
that there is something wrong in the nature of the link-motion. We may 
refer to a case in point— the case of the locomotives on that railway, 
Nos. 25 and 51, takings the same train. As much water was consumed 
from the tender of No. 51 — of which tlie driver was one of the most 
economical consumers of coke on the line, and which was worked with 
variable expansion within the limit already stated — as was withdrawn 
from the tender of Na 25, an engine worked mostly by the regulator; 
whereas, steam of a higher pressure, if worked expansively under proper 
condition^ should have consumed a less quantity of water than wire- 
drawn steam in the performance of the same duty. There is no doubt 
that much of tiic economy of fuel effected with No, 51 was due to the 
judicious system of stoking practised by the driver, and to his unceasing 
care in preventing waste of steam at tlie safety-valve — matters to which 
little attention was paid with Na 25. 

"Nothing is more common than a rush of water when the outside 
cylinder is tapped for the indicator, whilst the steam is worked with 
a considerable degree of expansion. With the goods engine, No. 125, 
C. R,, of which the cylinders (U'.^. 190, p. 457) arc still more exposed than 
those of No. 51 (fig. 1 89), the cylinders, during one experiment, were never 
free from a stream of water through the indicator, even for long-continued 
runs; and during temporary stoppages large accumulations of water were 
usually formed, which apparently could never be entirely dissipated, even 
through the open qrlinder-cocks." ^ 

Independent evidence of tiie condensation of steam in exposed cylinders 
is deduced from a comparison of the indicated consumption of steam as 
cut-off, with the measured consumption of water from the tender.* For 
the purpose of testing such comparison, the following, amongst other 
special trials, were made by the author, August 29th, 1850, on tlie actual 
consumption of water by the outside-cylinder express engine, No. 42, 
on the Caledonian Railway, for a trip of 105 miles from Glasgow to. 
Cariisle^ wi^ a train averaging six and a half carriages, Uie time of the 
trip being three hours twenty-two minutes^ Including five stoppages. 
Indicator diagrams were taken from one of the cylinders at intennals of 

^This and the inunediatdy preceding puagmplut areqnoted fron the eulieir portkm otHai/af^ 

Mathmtry, pp. 82-S4, publi-ibcd in 1 851. 

'Derived from JiaUwajr MackiHtry^ pp. 145 to 14& 
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I mile or 2 miles, the notch of die expansion-gear was noted for each 
diagram, and also the points of the line where each change of expansion 
was made. The periods of admission for the front stroke are given in 

the following tablet, column 2. The mean total admissions for the front 
and back strokes, includint^ a clearance of i.i inches, and the mean total 
periods of compression, arc given in columns 3 and 4. The volume of 
steam admitted per mile run under each notch, and likewise the volume 
shut in and compressed, columns 5 and 6, have been calculated in terms 
of die area of the piston, the total admissions and compressions in columns 
3 and 4, and the number of turns of the driving-wheel in traversing i mile 
of way. 

C R., Na 42, Passenger Locomotive. 



Notch, 
s 


Fkott Stfokc* 
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Mean Tool 

Admission, 
including 
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Mean Toul 
Compression, 
incluJing 
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Volume 
ndmitted per 
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5 
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per Milc. 
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indict. 


indies. 


inchet. 


cnbicfeet. 


cubic feet. 


I 


14-5 










2 


13.0 


13.6 


4.1 


1.558 


469 


3 


ZI.O 


11.7 


4-5 


1.340 


515 


4 


9.0 


9-35 


5-3 


1,198 


607 


5 


3-4 


4.5 


8.1 




916 



The results of the working of the steam are given in abstract in table 
No. 103, page 480, in four sections, for each of which individually the 
working of the engine has been analysed. 

To calculate the quantity of water as sensible steam, taken as saturated, 
passed into the cylinder, the volume admitted per mile is divided by the 
relative volume of the steam according to M. Regnault's data, at the 
pressure when cut oflr,-and the quotient is the equivalent volume as water 
admitted. Similarly, the quantity of water as steam detained b}- com- 
pression is found by dividing the volume of steam inclosed by its relative 
volume. The net volume of water as steam passed through the engine for 
one end of one cylinder, is the difference of the volumes admitted and 
compressed. For instance, in the first section, for a length of ^ mile, 
steam of 47 lbs. pressure is cut off under the second notcli, of which the 
relative volume is 424. The mean volume of total admission per mile-run 
is. by the above tablet, 1558 cubic feet; and 1 558 -f 424= 3.68 cubic feet 
of water as steam cut off" per mile. For mile it is (3.6S x }4 = ) 184 cubic 
feet of water as steam. The steam compressed in the return-stroke is shut 
in at a pressure of 4 lbs. per square inch, for which the relative volume is 
1290^ and the volume shut in per mile is by the tablet, 469 cubic feet; then 
469-^ I290»a36 cubic foot, and, for }i mile, 0.18 cubic foot Deducting the 
volume thus detained from the volume cut off, the difference is (1.84 — o. 1 8 = ) 
1.66 cubic feet of water as sensible steam consumed. Treating in like 
mannrr the three other entries in the first section of table No. 103, ^® 
results are, in brief, as shown in the table on following page: — 
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Table No. 103. — Working of the Steam in the 
PASSBNGUfc Loctmonvi^ No. 43, C. R., with as Express Train, August 39, 1S50, 

FROM Glasgow to Caruslb. 



SutioBL IsMtBwdkl* Dittaacet, 
MM Times of StcMB npb 


NotdnuMkr 
wfakhtira 

EagbiewM 
woriccd. 


Milca ran 


Average Indicated Pressure 
per Sjuarc Inch. 


Kotckwilh 
Steam oa. 


AtCtat-off. 


A. 

Comprcssiiiii. 


I 


2 


3 


4 


5 


(!•) 

Glai^w to Motherwdl, 

16 miles. 
Steam on 30 minutes. 


Nou 
2 
4 
4 
4 


miles. 

SV2 

3 


47 

7« 


Hm. 

4 

c 

5 
5 




I4J4 






(2.) 

Mothenvell to Carstairs, 

iSyi miles, 
steam on 29^ minutes. 


3 
3 
4 


10 

2^ 
3 


69 
38 
SO 


4 
3 
5 




»4Ji 






(3.) 

Carstairs to Beattock, 
34 miles, 
steam on 38^ minutes. 


3 
4 
4 


IZ 

3 


50 
50 


4 

5 
5 










(4.) 

Beattock to Carlisle, 
39>^ miles, 
steam on 56^ minutes. 


3 
3 
4 
4 
4 
4 
5 
5 


>^ 

3 
2 


60 
60 

30 
38 
50 
33 
52 
30 
56 


4 
4 
3 
5 
5 
4 
S 
3 
3 






38^ 







Na 43, C R., Section (t). 
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Steam 
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0.18 
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cubic fccL 

X.66 

31-78 
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The net indicated quantities of water as steam consumed for the tliree 
other sections of the trip axe calculated likewise. The following table, 
Na 104, contains these and other data for comparison. In columns 7 and 8 



Table Xo. 104. — Watkr Consumed and Stkam Condensed in the Working 
OF Passenger Engine, C. R., No. 42, with an Express Train. 1850. 



NtHBber 
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Mc.tn 
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60.69 
69.04 


cnK feet. 

2.38 
1.69 

7.05 
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6.6 

3.5 
10.4 

13.2 


cnbkfeet. 

3-53 
2.20 

5.08 

12.22 


psr cent* 
lO.O 

4.5 

7-5 
16.0 




42 


»54 


231.91 


93-6 


210.33 


21.58 


9.3~ 


23.20 


1 0.0 



are given the indicated quantities of steam coiulensed, being the differ- 
ences between the quantities of water consumed from the tender, column 4, 
and the indicated quantities of water as steam cut off, less the steam 
retained by compression, column 6, In columns 9 and 10 the indicated 
quantities of steam condensed according to the diagram, fig. 214, page 473, 
and the corresponding tabl^ Ma lOi, page 474, are given for comparison 
with the quantities, columns 7 and 8, as deduced from direct measurement 
from the tender. The correspondence is very remarkable, and shows as 
near an appro.ximation to equality as could in reason be expected vmder 
the circumstances. The increase of indicated contlensation, column 6, as 
the period of admission, column 2, is reduced, is apparent Let the means 
of sections (i) and (3), which have nearly equal periods of admission, be 
taken; then, with sections (2) and (4), the following series is obtained: — 







Water Consumed 
per Bow. 


ContoMeda 


Dojicr Table 
Ha Mt. 


(2) 


per cvttte 


cnliic feet. 




par cent. 


52 


99.4 


3.5 


4.5 


(i)&(3) 


44 


88.9 


8.5 


8.7s 


(4) 


36 


84,8 


13.2 


x6.o 



The marked variation of condensation with die cut-off inversely, and 
the close correspondence of die condensations* as calculated in the two 
modes, from the consumption of water from the tender, and from the 
internal evidence of indicator diagrams, table No. 104, are proofs of the 
fact of the condensation of steam in the cylinder, in consequence of expan- 
sive working, and of the soundness of the method adopted, so far as it goes, 
for calculating the quantities condensed. The suggestion that the deficiency 

VokL SI 
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of water as steam indicated is caused by priming is not sustained by the 
evidence, for the deficiency is less as the rate of consumption of water per 
hour is greater; whereas, if it had been caused by priming, the deficiency 
would have been increased with the rate of consumption. 

The results of the performance of another locomotive nn the Caledonian 
Railway, No. 48, of the class of No. 42 just noticed, may be ,t;i\cn. This 
engine was run, March 27th, 1850, with a coke-train up Bcattock incline, 
which is nearly 10 miles long, and of gradients varying from 1 in 80 to 
I in 75. The ascent was performed in twenty-nine and half minutes, and 
42.7 cubic feet of water were consumed from the tender. The engine was 
worked for 3 miles in the first notch, and miles in the third notch, 
cutting off at 15.; inches and 11.25 inches, and shutting in for compression 
at I.15 inches and 3.01 inches. Addinjj i.i inches of clearance, the volumes 
of steam admitted per mile were 1^09 cubic feet and 1415 cubic feet 
respectively; and, compressed, 258 feet and 471 feet. The pressures at 
cutting-off were 50 lbs. and 66 lbs. per square inch; and, for compres- 
sion, 3 lbs. The quantity of water as steam consumed, as indicated, was 
41.09 cubic feet Then — 

Cubic Fe«U 

Water consumed from the tanks 42.70 

Indicated water as steam consumed 41 09 

Difference, steam condensed 1.61, or 3.77 percent 

The average period of admission was ii}4 inches of the stroke of 
20 inches^ or 57 percent For this admission, the indicated proportion 

of steam condensed, according to table No. loi, p^c^c 474, is 3.15 per cent, 
whilst the result of the trial shows a loss of 3.77 per cent, showing, though 
not equality, a near and instructive correspondence. 

The foregoing are results of the author's experimental investigations on 
fbe wcwking of steam expansively in locomotive^ diafted from his paper 
of 1852, already referred to^ as well as from the portion of his work on 
Railway Mackineiyf published in the course of 1851.^ These conclusions 
on the alternate condensation and re-evaporation of steam in cylinders are 
now universally accepted ; but it docs not appear that they were fully 
appreciated for some )'ears after they were published. 

Three or four years later, in 1S55, G. A. Hirn published results of 
his investigations of the action of the steam-jacket' In this paper he does 
not make any reference to the action of the material of the cylinder in 
alternately condensing and re-evaporating steam worked expansively. He 
simply seeks to establish "that if the steam docs not occupy the volume 
due to its density and pressure, this is due to its being partly condensed 

' Whlbt the original nuitter, and the cooiie of inveftigation originaUy adopted, have heen 

given, all the calculations and tables, based on the properties of steam, have been made anew .-ind 
recast, in the light of the more recent experimental investigations of M. Regnault into the con> 
sKtuent heat and density of steam. 

- " Memoire sur TUtilite dcs Envcloppet & Vapeiir." dated April 25th, 1855, pabUshed in the 
Bulletin dt la Socitte htdustridlt tU MulhouUt 1855; vol. xxvii. page 105. 



Digitized by Google 



BEHAVIOUR OF STEAM DURING EXPANSION. 



4«3 



into water," and that the steam-jacket, heatings the walls of the cylinder, 
diminishes the quantity of such partial condensation. In his next paper, 
dated October 29th, 1856, published in 1857,^ he publishes the results of 
experimental investigatioiis made by him since the reading of his paper in 
1855, in whidi he, for the first tim^ apjHrehends tiie fact of the alternate 
condensation and re-evaporation of steam worked expansively in the 
cylinder, and establishes it in his own manner. He notes that absorption 
of heat and re-evaporation are continued to the end of the stroke, after the 
exhaust is oj)cned to the condenser, when expansion and lowering of tem- 
perature of the steam in the cylinder are continued. This continuation of 
the re-evaporative action, which was a very natural deduction, was the only 
new feature at the tim^ in M. Him's deductions on tiie alternate con- 
densing and re-eviqiorative process in the cylinder. 

M. Hirn defined such reactions with a greater d^ree of precision in 
1862.'^ "The steam," he says, having assumed, for example, that it is 
cut off at one-hfth, " flows from the boiler to the cylinders during one-fifth 
of the stroke of the piston, from each end of the cylinder. Durinp;^ this 
part of the stroke the cylinder -cover, the face of the piston, and tiie 
conesponding portions of the walls of the cylinder, are necessarily raised 
to the temperature of Uie steam, and steam is condensed until tiiis con- 
dition is fulfilled. When the steam is cut off and exhaustion begins, tlie 
steam falls in temperature, and absorbs heat from the previously heated 
portion of the cylinder. As the piston advances, the steam parts with heat 
to the newly-exposed parts of the cylinder, whilst it absorbs heat from the 
previously heated portions. After pa.ssing the middle of the cylinder, the 
steam meets with the portion towards the other end of the cylinder that 
had been heated during the previous stroke: When tiie piston has arrived 
at the end of the stroke, the steam is exhausted into the condenser, and 
during this new expansion it absorbs heat from the whole of the surface 
of the cylinder exposed to it, varying in quantity according to the rapidity 
of the exhaust, being greater in proportion as the outflow is slower." Here, 
as in M. Hirn's paper of 1856, there is notliing new, in respect of the 
subject of the author's investigations, except the statement of the con- 
tinued absorption of heat and re-evaporation of steam alter fhe exhaust is 
opened to the condenser. 

The existence, then, ci alternate condensation and re-evaporation of 
steam in the c} lind r had been experimentally demonstrated by the author 
many years before M. Hirn had even suspected their existence. 

Chief-engineer B. F. Isherwood, of the United States navy, published, 
in 1863,^ the results of experiments made by him in 1S60, in which he 
accounts for the inferiority of the quantity of water as steam cut off, 

* ** Mtooire mat la Th^e de k Smduutffis daos ks Maehfaies k Vapeur," in the BuOtliH de ta 

StdiU Tndintrid'.e de Mulhonsc, 1 857; vol. xxviii. page 5. 

* Exposition analytique et expirimtntaU de la Thhrie mkaniqtu <it la ChaUur; editions of 1 863, 
1865, and 187& 

* Exfiriiimtat Jtaeartka m Skam Engmmmg, vol. 1. 1863, page 99. 
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measured by the indicator, to the quantity of water delivered to the boiler 
and passed through the engine. He does so on the principle of the 
alternate a>ndensation and re-evaporation of steam in Uie cylinder, the 
evaporation continuing after the exhaust is opened to the condenser. This 

explanation is identical with that which had previously been announced, 
first by the author, and secondly by M. Him; and it was published thirteen 

years after the author had published his own experimental corn lu-^ions, 
establishing the same principles of action, and accounting; for the difference 
of the indicated and measured quantities of water consumed in the same 
way.* 



Chapter VL— BEHAVIOUR OF STEAM IN THE CYLINDER 

DURING EXHAUST. 

Acc<Miding to the rec«ved laws of fluid resistance the exhaust back- 
pressure should vary as the positive pressure of the steam when cut off or 
when released, and as the square of the speed of the engine. The following 
instances, table No. 105, taken from the indicator results of locomotive 
performance, prove conclusively that the exhaust-pressure measured from 
the atmospheric line varies as the pressure at the point of cut-off. Each of 
these couplets of observations was made under the same circumstances. 



Table Na 105. — ^Relation of Exhaust-pressurb to Initial Frbssurb in 

THE Cylinder. 





CntHiffFkcattre. 


Exhatat BKikp 
preanic 


luiio. 


» 3a .» { 

»f 34 » 1 

» 39 »» { 

CR.,No.33.{^^^ » 

„ Na 1 as, 29 , 1 

n 4« f» { 


12 lbs. 

aa If 
x6 „ 

32 „ 

29 .» 
36 i> 

>3 n 

35 » 

Mm* 

19 lbs. 

23 
8 

88 „ 

10 „ 

30 ». 

38 .1 

S3 » 

39 » 
52 » 


S-S ib* 

9 » 

10 „ 

»4 » 
9 » 
<4 » 

6.5 » 
10 „ 

3*5 .» 

3-5 II 

10 „ 

5 II 
7 II 
5 » 
7 II 


I to .45 
I to .42 
1 to .38 
1 to .38 
I to .34 
1 to .38 
I to .40 
I to .40 

I to .34 
I to .36 
I to .44 
I to .44 
I to .34 
I to .33 
1 to .13 
I to .13 
I to .13 
X to .14 



^ See E pq wr "On Ae BdwvkNir of Steam in the Cylinden of LooomotiTes daring Expansum*" 
by D. K. Claris in the JHEmKto e^^VsM^^ 
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With r^rd to the variation of back exhaust-pressure with speed, an 
example is reduced from forty- indicator diagrams taken from the Nile» 

E. & G. R., in the course of an express trip. The diagrams have been 
selected and £^rouped according to the speeds, being averaged together 
when the speeds did not differ more than two miles per hour. The cut-off 
pressures, average back-pressures, and speeds, arc given in columns i, 2, 
and 3 of the annexed table, No. 106. In the 4th column the actual back* 
pressures in ccdumn 3 are, fyr the sake of direct comparison, reduced for a 
common pressure of 40 lbs. at cut-off, in the ratio of the actual cut-off 
pressures to 40 lbs. The reduced exhaust-pressures are ranged graphically 
on the diagram, fig. 215, in which the speeds are measured on the base- 
line A 6, from A towards B, and the corresponding back-pressures are 
plotted on ordinatcs, and c ^jgu, 

marked by crosses. The 
curve CA traced through the 
crosses, represents the back- 
pressure as it varies with the 
speed, and it is of a parabolic 
form, showing that the back 
exhaust -pressure varies as the square of the speed, other circumstances 
being the same. The extreme ordinate, BC, measures, by the scale, 9 lbs. 
of back-pressure, at a speed of 50 miles per hour; at half the speed the 
measured pressure is only one -fourth, or 2% lbs. The back-pressures 
measured from the curv^ corresponding to the cut-off pressures, column 2 
of the table, are entered in column 5, for comparison with the observed 
back-pressures, column 4 The agreement is nearly exact 




-1 



V%. 915.— speeds. E. and G. R., NOe:— Curve showiqf 
relation of Back Bxhaust-preuure to Speed. 



Table Na 106. — Nile, E. & G. R.— Back-pressures of Exhaust, in 

Relation to Speed. 

Cylinder 16 inches in diameter, 18 inches stroke; cut-off at 12.3 inches, exhaust at 16.25 inches. 
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Cum. 

S 






Mm. 


Ibi. 


lU. 
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The evidence of indicator diagrams from the Great Britain and other 

inside-cylinder locomotives, 
show the same law of the 
increase of back cxhaust- 



Ffad 



C It, Ne> i> 




No 41. 
4th notch. 



pressure as the s(^uare of 
the speed. 

Outside cylinders, in gen- 
eral, exhibit the operation 
of die same law of back- 
pressure. The annexed 
figs. 21^ of plotted observa- 
tions and parabolic curves, 
are illustrations in point. 
No. 1 3, C. R., must be noted 
as affording remarkably di- 
rect proof of the influence 
of speed. The three dia- 
grams, figs. 197, 198, and 
toSpMd. '99» page 462, were taken 
in succession from No. 13, 
under the first notch, and in exactly the same circumstances, during 
an express trip, at speeds respectively of 26, 39, and 54 miles per hour, 
yielding the results given in the table No. 107: — 

Table Na 107.— No. 13, C. R. :— Back pressure or Exhaust in 

RELATION TO SPEED. 




No. I3S 
3d notch. 

Figs. ti&— RdaiioMaf Back 



lotba. 



aylbt. 



Speed, 
in Miles 
per Hour. 

I 


Indicated 
Rcleaie- 
prcsMirt, 
ia Um. ptf 
SqvHVlfldk 

9 


AviBMS Back BxHAOST-mnDi^ 
ia Ibt. par Sqoan Indk 


ObMTWd. 

3 


Reduced 

for a Comnion 
Release-pressure 

of 35 lb* 
per S<]uarc Inch. 
4 


Measured 
from the 
Cunrc. 

S 


miles. 


lb*. 


n». 


Ibl. 


lbs. 




35 


1-75 


1-75 


2-5 


39 


35 


6.00 


6.00 


5-7 


54 


3* 


10.00 


10.94 


II.O 



The nearly equal values of the back exhaust-pressure in the last two 
columns em(^aticaUy affirm the law of the square of the speeds as a 
measure of back-pressure in outside cylinders steadily at work. 

Exceptional Injliience of Water in tlie Cylinder on Back-pressure. 

Under special circumstances, the law of the increase of back-pressure 
with the speed may be modified, as in the cases of C. R., No. 73, No. 124, 
and No. 127. Durini^ three day.s in April. 1850, on which No. 73 was on 
trial, the conditions were: — First day: lap of valve, i inch; lead, 5 16 inch; 
travel, 4 inches; cut-off, 143/16 inches; exhaust, 16)^ inches; cylinders. 
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13 inches in diameter, with an i8-inch stroke; blast-orifice, 3^^ inches in 
diameter; boiler foul, water muddy. Seamd day: valves altered; lead, 

7/j6 inch; cut off, i2"/i6 inches; exhaust, 15^ inches; blast - orifice, 
3^ inches; boiler foul, as on the previous day. Third day: boiler had 
been run off, and tilled with fresh water. 

The thick-line diagram, fig. 217, is a copy of one of a number taken from 
the cylinder during the first day, the beginning of the steam-stroke being 
towards the right hand Though liberally aided with 
lead, the steam did not reach its maximum pressure, 
24 lbs., until after one-third of the stroke was described. 
This result proves a case of extreme priming, and 
accordingly, when the speed of 41 miles per hour, or 
690 feet of piston per minute, was attained, a back- 



pressure of 11 lbs. was the consequence, or nearly half Kig. 217.-C. r .No. 73:- 
of the positive pressure. Again, at 15 miles per hour, cyi^^^^^^ 
or 252 feet of piston per minute, tiiere was 13 lbs. of 
back-pressure, for 30 lbs. positive pressure^ as shown by die thin-line dia- 
gram. Even after starting, going at 5 miles per hour, the dot-line diagram 
shows a back-pressure of from 5 lbs. to 10 lbs. Of the whole quantity of 
water passed through the engine, 24 per cent was proved by measurement 
to consist of priming. But the back-pressure fell to one-half by substi- 
tuting fresh water in the boiler for the third day's performance, as shown 
by the diagram, in dotting, when at the same time the priming was 
reduced to 1 1 >^ per cent of all the water consumed. The table Na 105, 
page 484, of back-pressures in Na 73, based on the performance on the 
third day, shows that the back-pressure hardly increased faster than the 
speed simply. 

A special example of the effects of priming in the cylinder of the Great 
Britain was quoted, page 464, giving proof of the rise of back-pressure — 
from 15 lbs. to 24 lbs. — in consequence of priming; and it is within the 
experience of Sir Daniel Gooch that, in similar cases, the exhaust-line has 
been raised to a level with the steam-line, when the back-pressure amounted 
to 100 per cent of the positive pressure. 

In the diagrams from the Orion, £. & G. R., fig. 203, page 463, it is 
shown that, by supplying clean water in place of muddy water, the back 
exhaust-pressure was reduced from 9 lbs. with muddy water to l}4 ibs. per 
square inch with clean water. 

The back exhaust-pressure exhibited by the goods engine^ C R., No. 124, 
under the first notch, exhausting at 23 inches in a stroke of 24 inches, is 
shovm by the curve, fig. 218, based on the results of thirty-two observations, 
reduced for 30-lb. rdease-pressure. The curve is nearly straight, indicating 
that the back-pressure varied nearly as the speed, and that there was much 
excess of resistance at the lower speeds from priming or from condensation, 
or both together. In the course of some experiments with No. 127, an 
engine of the same class as No. 124, the incidental back -pressure oi exhaust 
was strikingly contrasted for low pressures and for high pressures, and for 
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VIg. aiS.— C R.« No> tt«:— Infticace of Wi 
is tlM CyGoder on Otm of Exhautt-tnemifc 



extreme expansive working. During a preliminary run of 20 miles alone, 
under the fifth notch, or in mid-gear, cutting off at 4 inches, and exhausting 

at 14^ inches of the stroke, the indicator 
diagrams in thick and thin lines, fi;^. 319, 
were taken at 17 miles and 29 miles per 
hour respectively, after 9 miles of the trip 
had been run, when consequently the engine 
had got into its r^Iar working condition 
for that notch. With release-pressures of 
24 lbs. and 21 lbs. respectively, the back 
exhaust-pressures amounted to 14 lbs. and 
13 lbs. per square inch. This formidable 
degree of resistance, in a case where the steam was cut off at one-sixth, 
is a conspicuous proof of the influence of condensation in the cylmder in 
aggravating back-pressure: — a condensation which, in the second instance, 
with a cut-off pressure of 56 lbs., and expansion to nearly three times, 

amounted to at least 35 per cent of 
tiie steam admitted into the CN-Iinder. 
When tlic en;^n"ne was coupled to its 
train, the back -pressure to a great 
extent disappeared under longer ad- 
missions, and therefore smaller de- 
grees of condensation, as exemplified 
in the dot-line diagram, fig. 219, taken, 
at a speed of 23 miles per hour, at 
the upper end of an incline, after the engine had been well wanned with 
hard work. Again, when the engine alone with its tender ascended Beat- 
tock incline, at speeds of 15 miles and 23 miles per hour, the thick-line 
and thin-line diagrams, fig. 220, taken at these speeds respectively, show, 
per 20 lbs. steam cut off, back -pressures of 6 lbs. and 8 lbs. Whereas, 
in ascending with the train, at 1 3 miles per hour, in full gear forward, 
cutting off at 16^ inches, with 95-lb. steam-pressure^ the back exhaust- 
pressure as shown by the diagram in dot-lining, vanished. 

In inside cylinders insufficiently heated, extra back-pressure, caused by 
condensation-water, is occasionally apparent immediately after a train is 
started from a terminus. On the Edinburgh and (Glasgow Railwaj', for 
instance, in the course of the ascent of Cowlairs incline, on starting from 
Glasgow, the locomotives, assisted by the stationary engine at the summit, 
and working under an easy pressure, exhibited a degree of back-pressure 
which was only abated after a run of several miles had been made with AiH 
steam on. With the Brindley, on this railway, of which the cylinders^ 
though inside, wer^ to be sure, but imperfectly protected, fnmi 7 lbs. to 
10 lbs, of back-pressure commonly existed for the first few miles run, 
and the resistance ultimately fell to a regular pressure of about 2 lbs. per 
square incli. 




Fig. 319. Fig. 230. 

C R., No. u; :— Influence of Water on Badc-preMUn. 
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Itifluence of tlie Period of Release on Back Exiiaust-pressure, 

The period of release is the interval of space in the cylinder, or the 
portion of the steam-stroke, during the describing of which by the piston, 
the port is open to the exhaust. 

In all the inside cyhnders that were tried, exhaust back-pressurt> became 
less as the period of release was increased. This relation is best exeiupiified 
in the Great Britain, and may be further elucidated by comparing the 
relative times of release, as expressed the angles described by the crank 
between the points of release and the end of the stroke; Times of release 
arc thus distinguished from periods of release. The comparison is made 
in the table No. 108, in which the back exhaust-pressures have been 
reduced for a common release-pressure of 30 lbs. per square inch, and 
a speed of piston of 600 feet per minute. 



Tabte No. 108. — Great Britain: Back Exhaust-prbssure in Relation 

TO Period or Release. 
Snou S4 iNcan. 



Notch. 


Back Eriwa pwMUWt at 
600 ft. «f yirtmper minute, 


FrapCltional Times of 
Rdeaae, during the »(e;tm- 
stroke, in term* of the 
CoireipotKlinK Aogles of 
the CtBp** 


FmMs of RdMM b po- 
ccotatn of the SuoIm^ 




Iba-penquanbch. 






percMtt. 




31 






9.4 


3d do. «».. 


2.3 


46 


5-0 


17.7 




1.15 


59 


7.0 


27-5 



The table indicates that the back exhaust-pressures are generally inversely 
as the times of exhaust during the steam-stroke. 

Still more impressive is the evidence from outside cylinders in favour of 
earlier release for the shorter admissions. In No. 33, C. R., for the standard 
speed of 6qo feet of piston per minute, whilst the back exhaust-pressure 
falls one-third as between the 4th and the 5th notches, for the 7th notch 
the resistance rises. Again, taking together the action in Nos. 124, 125, 
and 127, C. R., the bock'-pressure slightly falls, as b^ween the 1st no^ 
and the 3d notch, but it rises towards mid -gear, for whidi the back 
resistance is the greatest of all, even with ten times the period of release 
that belongs to the ist notch. 

Injluetice of Imide Lead on Back Exiiaust-pressure. 

In the inside flinders, well warmed, it does not appear that inside lead 
had any influence on the back exhaust-pressure. The Hebe, E. & G. R., 
having less than half the area of inside lead of the Great Britain, exhausted 
as freely as this engine. 

In the outside cylinders, on the contrary, inside lead is very influential 
in reducing back exhaust-pressure. Take the following comparisons: — 
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OuTSiDB Cylinders, 15 inches by ao inches. 



C K, No. 33, 
It No- 5h 



n 
n 



No. 33, 
Na 13, 

No. 42, 



„ No. 33, 

n No. 42 \ 
iinean of 4th and 5tb f 

notches:, } 

C. R., No. 51 ] 

(meM of jd ami 41!) i 
notches , J 











B«kB.I»»i. 


1 y( inchcsy or 


t 

14-S 


1 1.7 per cent 


14. X lbs. 




» 


It 


1 

M 


21 


n 


7-5 tt 




It 


11 


1 

U-t 


14 


tt 


9-9 It 




ti 


It 


t 

11.3 


13.5 


tt 


4*9 tt 




It 


It 


1 


14 


t» 


5*o tt 




f> 


tt 


t 


«5 


tt 


10.5 >. 




It 


*t 


1 


25 


tt 


5-375 tt 




>i 




1 


25 


>> 


2.7 » 



Here, the better exhausting power of No. 15, having the greatest 
proportion of inside lead, is conspicuous. Xo. 33, witli tlic smallest 
proportion, has obviously tlie worst exhausting power. In tliis engine, 
the valve-gear was originally set witli the same lead as No. 42 ; but, as 
the gearing had worn, the lead outside and inside was reduced, and the 
back-pressure was in consequence doubled. 

There is, then, a difference between the conditions of inside and out- 
side cylinders, in respect of the necessity for inside lead for ensuring 
a good exhaust The following contrasts make this conclusion clear: — 

Insidb and Outsidb Cyundbrs. 





Inside Lend 


I, • , r u t 1 Back Exhaust- 

Penod uf Release. t ^^^^^^^ 


Hebe, inside qrlinder 
No. 42, outside do. 

Orion, inside do. 
Nile, do. do. 
No. 51, outside do. 

Gt. Britain, inside do. 
No. 51, outside do. 


}i inch, or ^ 

tt „ 

It It ^ 

' /3» »» " IS 

» » ~ 

I^/.6 It 1, ^ 


15 per cent 
14 It 

10 „ 

9-7 It 
" tt 

a7-5 tt 
28.0 „ 


5.8 lbs. 

SO n 

7-4 It 

7-5 

7-5 » 

»'iS »» 
«.3 11 



In the first contrast, above, the small blast-orifice of the Hebe accounts 
for the excess of back-pressure, while its lead is not half of that of 
No. 42. In the second and third contrasts, the inside cylinders exhaust 
as effectively as tiie outside qrlinders, whilst diey have less tfian two- 
thirds of the inside lead. 
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Chapter VIL^BEHAVIOUR OF STEAM IN THE CYLINDER 

DURING COMPRESSION. 

The resistance of compression, as represented on the indicator diagram 
of a non-condensing engine, was found to be measured by die triangular 
area described by the pencil towards the end of the return-stroke, the 

base-line of which was to be represented by an extension of tiie back- 
exhaust line parallel to the atmospheric line. The compression curve is 
analogous to the expansion curve, though it is described reversely. 

A curve of comprtssion is described equally, whether steam or air be 
the resisting element When the steam is shut off from the cylinder, and 
the piston works in the ordinary atmosphere of tiie cylinder, the diagram, 
fig. 221, taken under such circumstances, shows that during the return- 




Fig. 32t. Wtg. taa. Fig. 233. 

murtnttkm ef CuiiiiimriuM h tfat CfBaiK. 



stroke, when the line is described, the air in the cylinder is exhausted 
in advance of the piston, movuig from a until Uie point S is reached, when 

the valve closes the exhaust From this point the inclosed air, compressed 
by the advancing piston, rises in pressure — as indicated by the ascending 
curve dc — till the steam-port is opened for "admission," that is, opened to 
the valve-chest at the point c. Instead of the usual saltation of the pencil, 
caused by the advent of steam of higher pressure, when steam is tliere, a 
descent o£ the pencil takes place, because the compressed air in die 
cylinder, now placed in communication with and expanding into the valve- 
chest and the steam-pipe^ falls in pressure in rdievhig the partial vacuum 
in these localities— created by the recession of the piston in tibe qrlinder 
in performing what, if steam were present, would be called the steam- 
stroke. This partial vacuum is, in fact, indicated for the next "steam- 
stroke" by the mean dot-line, rant^ini^ below the atmospheric line, showing 
that as the piston advances in returning towards the other end a of the 
cylinder, the pressure continuously falls in consequence of the continuous 
enlargement of the aggregate capacity of the cylinder, valve-chest, and 
steam-pipe; until the valve opens the port to the atmosphere through the 
blast-pipe, near the end of the stroke, when by the influence of external air 
the pencil rises to the atmospheric line at a, the end of the stroke, and 
equilibrium is restored. 

The variation of pressure of steam by compression is, as in tlie case of 
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expansion, affected by the temperature oi tiie cylinder. As the tem> 
perature is then, after a period of exhaustion, at a minimum, partial con- 
densation ensues, particularly in outside cylinders, as the pressure and 
temperature of steam rise toj^ether. Such condensation is shown by some 
of the lou-spced clia|;rams already figured, where successive condensation- 
lines of different elevation inij^ly different degrees of condensation. The 
diagram, fig. 222, from C. R., Xo. 125, was taken at a low speed, when the 
compression>lines i, 2, and 3 successively, were described during three 
revolutions of the wheel, showing successively higher pressures, and proving 
less and less condensation as tiie cylinder became hotter. Diagrams 
from the Orion show a more prompt ascent of the compression -line at 
the higher speeds of 30 miles and 40 miles than at iS miles per hour. 
Similarly for the Nile and the Brindley, the compression -line has been 
found to rise much less at the lowest speeds than at the higher speeds. 
The more rapid rise of cdmpression-pressures at the higher speeds is doubt- 
less in consequence erf* the hotter condition of tiie cylinder and the reduction 
of condensation. 

As compression is not directly dependent on the pressure of steam 
during admission, it occasionally hapi)ens, as in fig. 223, that the pressure is 
raised by compression above the level of the steam-line. The culminating 
point is reached at the time the port is opened for steam, when the com- 
pressed steam falls into equililMium and the pencil falls to the steam-line 

The area of compression on die indicator dii^[ram is regulated by the 
total pressure of the exhaust-steam at the closing of the exhaust It is 
nearly the same for all speeds, though it increases a little as the speed is 
increased : the increase being due to higher exhaust back-pressures, which 
are augmented by the contraction of the outlet as the c-vhaust-port closes 
— an operation the reverse of wiredrawing. The increase for higher speeds 
is also due to the hotter condition of the cylinder. The area of com- 
pression depends also on the volume of die total dearanoe in the cylinder 
and the steam-port 



Chapter VIII.— PRACTICE OF EXPANSIVE WORKING IN 
SINGLE-CYLINDER STEAM ENGINES. 
L SINGLE-CYUNDER NON-CONDENSING STEAM ENGINES. 

Laannofive Efigints. 

It has been shown that the performance of steam in the cylinders 

of locomotives was very much affected by the state of protection of the 

cylinders from external cooling action, and still more by the positive drying 
or superheating of the steam, whether in the steam-pipes from the boiler 
I)assing through the smoke-box, or in the valve-chests and cylinders sus- 
pended in the hot atmosphere of the smoke-box, or covered with hot ash 
and dnders. 

Resuming the case of the inside-c^mder locomottye% it was shown 



Digitized by Google 



PRACTICE OF EXPANSIVE WORKING IN SINGLE CYLINDERS. 493 

that tlie calculated weight of sensible steam, if taken as saturated, was 
less at the end of the period of expansion than at the commencement — 
the point of cut-off. This is an unreal deduction, and, in the l^ht of the 

ascertained fact of alternate condensation and re-evaporation of steam in 
the cylinder, it is evident that the steam was, in fact, in a superheated state 
durini^ admission, and that it behaved as a permanent gas, if not for the whole 
period of expansion, at least for the greater portion of it. 1 he cylinder 
having been kept hot, — at least as hot as the steam, — and the steam having 
been rendered dry and gaseous by the heat of the smoke-box, there was^ 
under the circumstances, no material d^ree of transference of heat between 
the steam and the ^linder ; and the steam-gas was permitted to expand 
adiabatically, or in such conditions that heat was neither received by nor 
given out by the ^as, whilst it expanded, the indicator describing an 
adiabatic expansion-curve. 

The work done during expansion is the result of the disappearance of a 
quantity of heat; which is converted into the work; and, by the abstraction 
of a given quantity of heat, gaseous steam, as a non-condensing gas, which 
depends on its specific internal heat only for such a supply of heat, falls 
more rapidly in pressure and temperature than steam in a state of saturation 
would do, seeing that this steam has a much greater internal source of 
heat, — latent heat, — to draw upon than gaseous steam has. In gaseous 
steam, latent heat is not available for conversion into active work. 

To aid in estimating the condition of the steam, suppose that the 
expanding steam passes during expansion from the gaseous state to a 
state of saturation, after having consumed its superheat in performing the 
work of expansion. The weight of steam in the cylinder is, on this 
assumption, to be measured in terms of the volume and jircssure as saturated 
steam at the end of the expansion. Take tlie indicated work of the Great 
Britain, in the first notch. The final weight of steam, as saturated, is 
(page 47 1 ) .5436 lb., occupying the expanded volume 3.357 cubic feet The 
total work done by expansion, averaged from the diagrams, b 8659 foot- 
pounds, uhich, divided by 772 foot-pound^ the mechanical equi^ent of 
one unit of heat, gives 1 1.22 units of heat converted into work by expansion. 
This quantity of heat is, by the assumption, held by the .5436 lb. of steam 
at the point of cut-off, which, to hold this heat, must be sufficiently elevated 
above the temperature due to its pressure, as saturated steam. That is to 
say, a small portion of the heat is held by the steam as saturated, at the 
initial pressure in so mudi as its constituent heat as saturated steam is in 
excess of that of the expanded steam of kwer pressure, as saturated ; and 
the remainder of the heat is held by the initial steam at superheat. The 
constituent heat of l lb. of saturated steam at the final pressure, 68.7 lbs. 
total, is, by table No. 4, page 29, 1 173.4 units; and, at the initial pressure, 
94.4 lbs. total, it is 1180.1 units. The difference, 6.7 units for i lb., is, for 
.5436 lb. of steam, (6.7 x .5436^) 3.64 units, being the fraction of constituent 
. heat set free for expansive working between the higher and the lower pres- 
sures. But 11.23 units of heat are converted into work by expansion, and 
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the remainder, (i 1.22 — 3.64 = ) 7,58 units of heat, must be provided as super- 
heat in the steam when cut off. The specific heat of gaseous heat is 475; 
that is to say, i Itx of gaseous steam absorbs .475 unit of heat in bdng 
raised 1* F. in temperature, and .5436 lb. absorbs (475 x. 5436s) .2583 unit 
of heat for i** F. rise. Consequently, for the absorption of 7.58 units of heat 
by 5436 lb. of gaseous steam, it must have acquired (7 58-^.2583 = ) 
29^.30 F. of superheat or excess temperature above the temperature as 
saturated steam. The heat converted into work by the expansion of 
.5436 lb. of steam is, then, as follows: — 

Excess of constituent heat as saturated steam, at the initial pressure.. 3.64 units. 
Superheat at the initial pressure 7.58 „ 



An approximate estimate of the volume of the superheated initial steam 
may be formed in terms of the absolute temperature of the steam, which, 
for saturated steam of 94.4 lbs. total pressure per square inch, is (323 .7 (the 
sensible temperature) +46i''b) 784^7. The temperature is raised 29". 30 
by superheat to (784.7+29.3 8I4^ and the volume^ correspondingly, is 
expanded in the ratio of 784''.7 to 814°, or of I to 1.037. As the volume of 
I lb. of saturated steam of 94.4 lbs. total pressure is 4.58 cubic feet, that of 
.5436 lb. is (4.58 X .5436 = ) 2.491 cubic feet, and the augmented volume by 
superheat is (2.491x1.037 = ) 2.584 cubic feet. The a-tual initial volume 
of the steam is 2.620 cubic feet, which is greater than the volume now 
estimated, and the excess volume may be accounted for by the rapidity 
with whidi saturated steam commences to expand by suptftrtieat: whereas 
the rate of expansion was taken as uniform in the calculation, seeing that 
the exact law of the expansion of saturated steam when supSiheated has 
not yet been determined. 

Following the same line of calculation for the 3d and 51.^1 notches 
of the Great Britain, the works by expansion arc respectively io,No88 foot- 
lbs, and 11,658 foot-lbs., equivalent to 13.07 and 15.10 units Vf heat, 
provided thus: \ 



The initial weights of steam, taken as identical with the wcii^hts of r^he 
expanded steam, arc .3821 lb. and .2260 lb.; and the volumes of thcise, 
as saturated, at the initial total pressures, 87.6 lbs. and 82.4 lbs., a/e 
1.876 cubic feet and 1.177 cubic feet When expanded by superheat, their 
initial volumes are estimated to be 1.996 cubic feet and 1.336 cubic feet 
But their actual initial volumes are 2.032 cubic feet and 1.295 cubic feet — 
in the first instance a little more, in the second instance a Uttle less, than 
the calculated volumes. 

The results of these estimates are fairly in accord with tlie actual 



1 1.22 



Excess of constituent heat as saturated steam 

at the initial pressure 

Supofaeat at Ae initial pressure 





1307 
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cifcumsUnoes; and they tend to prove a superheated condition of the steam 
admitted into the qrlinder. They are corroborated by independent calcu- 
lations of the final pressures after the working expansion of the steam, 
according to the adiabatic ratio of volume and pressure of gaseous steam. 



The adiahatic expansion of a gas is expressed by the formula -pjs 



accord in<:j to which the pressure P in expansion behind a piston varies 
inversely as the y power of tlie volume V, the symbol > representing the 
ratio of the specific heat of a gas at constant pressure to the spedfic heat 
at constant volume.^ For gaseous steam, the specific heat at constant 
pressure is j^ys* that at constant volume is .370; and the ratio is 
as 1.284 to I, or 1.284. The total pressure of steam expanding on a piston 
diminishes, therefore, inversely as the 1.284 power of tlic volume. The 
pressure falls more rapidly than it does where the steam is maintained 
at a constant temperature, expanding isotliermally, in which case it 
diminishes simply as the volume inversely. The formula becomes: 



P = the total initial {nessure per unit of surface, say, in lbs. per square inch. 

P' - the total final pressure, after ex])ansion, in lbs. per square inch. 
V — the initial volume cut off, for exiKinsion, say, in cubic feet 
V'^the final volume, expanded, in cubic feet. 

To calculate the final pressures in the Great Britain, by means of this 
formula, take the average values for the ist notch, V= 2.620 cubic feet, 
V'= 3.357 cubic feet, P = 944 lbs. per square inch, and P' the final prcssure. 

(2 620\ '-'84 
-^rr ) - 94*4 x •7*74 - 68.67 lbs. 
3'357 ' 

The final pressure, 68.67 lbs. per square inch, here calculated for 
adiabatic expansion, is identical with the observed total pressure, 68.7 lbs. 
If the steam had expanded at a constant temperature, the multiplier for 



the final pressure would have been ( ) 7805, instead of .7274. 



Calculating the final pressures for the 3d and 5th notches, in the 
same way. 



The observed total final pressures were, for the 3d notch, 52.1 lbs. 
per square inch; and for the fifth notch, 33.2 lbs., with which the calculated 
adiabatic pressures are nearly identical 

*SetA Mamud 0/ Rules, TMa mud Da^\if D. K. Cbifc, page 905. 




Adiabatic Expansion of Gaseous Steam* 





(3d notch), cut off 50 per oent.....F»87.6 x ) = 87.6 x .5906 = 51.74 lbs. 

(5th notch), cut off 39 per cent « . . .F - 82.4 x ( ) 8S.4 x .3769 - 3 1.05 lbs. 
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The pressures, initial and final, of expansion, in die odier inside 

cylinders of the Orion, the Nile, and the Hebe, are similarly in adiabatic 
relation. These, with those of the Great Britain, calculated adiabatically. 
are here f^roupcd tojin^thcr for comparison in table No. lOo, and the corres- 
ponding hnal pressures calculated isothermally are added in the last column: 



Table Na 109. — ^Inside Cyundbrs of LocoMonvRs: — ^Fimal Pressures 

CALCULATED ADIABATICALLY AND ISOTHERMALLY. 



I 


a 


Acttiat Ratio 
of Kxpaasion, 
to point of 

S 


Total InhU 
Fkmuc 

4 


Total Final PMMm 


Otatmd. 

5 


Adhhatfolly. 
6 


7 








nttidL 


lb*. 




Urn. 


Vba. 


Great Britain, 


I St notch 




'•30 


94.4 


68.7 


68.67 


72.61 


Do. 


3d notch 


50 


r.50 


87.6 


52-1 


5'-74 


5S.40 


Do. 


5 th notch 


29 


2.14 


82.4 


33-2 


3105 


38-50 


NUe 




67.5 


1.30 


51-4 


37.1 


36.88 


39-54 






56-7 


1.50 


61.5 


36.5 


36.04 


41.00 






44-4 


1.64 


61 


34-0 


32.29 


37.20 



It is observable that, whilst the adiabatic expansive action, indicative of 
a gaseous or superheated condition of the steam when admitted into the 
cylinder, is clearly rendered in the foregoing instances, the actual final 

pressures, for the longer expansions, are sensibly higher than the calculated 
adiabatic pressures. These slight differences in excess, indicate that the 
superheat had been exhausted in work, and a state of saturation had been 
reached, before the expansion was completed. After the state of saturation 
was reached, the pressure would fall in a less rapid ratio than it would do 
before, feu: die reason already explained; and hence the apparent excess. 
The slight reaction appears in the Great Britain under the 5th notch, 
cutting off at 29 per cent of the stroke, and in the Hebe^ cutting off at 
44j4 per cent. 

The final pressures calculated isothermally, in the inverse ratio of the 
volumes, in the last column, are several pounds per square inch higher than 
either the observed or the adiabatic final pressures. 

The indicator horse-power of the Great Britain, calculated from the 
averaged diagrams for each notch, with the quantities of water as steam 
consumed, are given in the following table, Na 1 10. For these objects^ the 
calculations have been made on the averages taken out, in table No. 100. 
page 471. The quantities of water as steam, f^iven in the followinq^ tabic, 
may be adopted as correctly cxpre.ssin;_^ the consumption of water from the 
tender, since the Great Britain had been frequently tested for priming, and 
no priming was detected. 

In contrast with tills statement, corresponding data for the outside 
qrlindeis of Nos. 42 and 48, C IL, are added. For Na 42, the results of 
the express trip from Glasgow to Carlisle^ before analysed (page 481), form 
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the hish of the calculations for the four sections of the trip separately, 
rendered in table Na 104. For Na 48, ttke results are based on the 
observations already m^e (page 482), with tiie indicator diagrams. 

Table No. no. — Locomotive Cyi.ixders:— IIorse-powkr and Water as 

Steam Consumed. 1S50. 
B 



1. AvcnjjB spofidy fldlct per 

hour 

2. Average speed, feet of 
piston per minute 

3. Average period of ) 
adrni.Mun < P*"^ 

4. Average net maximum | 
pressure in cylinden.. \ 

5. Net presnie «t ciit«off'...nis. 

0. Effective mcnn pressure, lbs. 

7. Ifidicatorbot m - 1 or, I . H. P. 

8. Weight of steam at the j 
end uf the expansion, 
{KT stroke 

9. Steam detained by com- 
prenion 

lOk SteMn coiMHMPcd per 
stroke 

11. Water as steam con- 
sumed per hour 

12. Water as steam con 
sumed per hour 

13. Water as steam con- i 
per LH.P. ... \ 



lb. 

lb. 
lb. 

cu.ft. 

lbs. 



Great Britain. 


notch. 


niMch. 




34 


37 


40 


474 


512 


563 


67% 


50% 


29% 


83 


80 


81 


79-4 
68.1 
497.8 


72.6 

53-5 
422.4 


67.4 

•?2.I 
278.5 


•5436 


.3821 


.2260 


.0388 


.0489 


JO6I4 


.5048 


.333a 


.1636 


23110 


166.00 


8&IO 


14,424 


10,360 


S.500 


2S.97 


24-52 


«9-74 



Na 49, C R. 



CR 





(») 


(3) 


(4) 


toUl 




29 


29 


36-9 


41.3 


35-5 


2a3 


45 1 


451 


573 


643 


551 


316 


42V. 


527. 


467o 


367. 


427. 


57-57. 


53 


63 


62 


60 


57 


62 


49.1 


61.4 


Si.o 


45.1 


49.8 


61.0 


3» 


47-5 


38 


30 


36 


51. 1 


149.7 


229.4 


2332 


206.6 


212.4 


172.7 


.1157 


.1605 


.2184 


.1951 


.1787 


•2384 


71.64 


99^36 


106.26 


84.80 


90.35 


86.85 


4470 


6200 


6630 


5292 


S638 


5419 


29.86 


27.02 


28.44 


25.62 


26.54 


3'-37 



In tlie case of the Great Britain, the consumption of water as steam per 
horse-power, is reduced almost uniformly as the period of admission is 
shortened; thus: — 

Period of admission 67, 50, 29 percent 

Water consamed per horse-power per hour 28.97, 24.52, 19.74 pounds. 

showing that the consumption per horse-power would have been still further 
reduced, for still shorter admissions. In fact, by plotting the above given 
consumptions as ordinates to a base-line for the stroke, it is seen that, for 
an adinissi<Mi of 20 per cent; or one-fifth, and an actual ratio of expansion 
3.91 reckoned to tiie end of the strokev 18^ pounds of steam only would 
be consumed per horse-power per hour. 

The results from Nos. 42 and 48, CR., show, when plotted, higher 
rates of consumption of water as steam, averaging about $}i pounds more 
per horse-power per hour than those from the Great Britain and the other 
inside cylinders. Cutting off at 35 per cent, or about one-third, the plotting 
shows a consumption of 26 pounds of water as steam per horse-power per 
hour, and, at two-thirds, 34)^ pounds; against 2o}>4 pounds and 29 pounds 
respectively In the Great Britain. The excess of consumption is» no doubt; 

Vol. I. It 
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due partly to the [greater proportion of the atmospheric resistance for the 
lower pressures employed in Nos. 42 and 48, C. R. 

Portable StuJiii Engines. 

The trials of portable engines at Cardift" in 187 1,' afford several cxamijlcs 
of steam-jacketed non-condensing engines. A total clearance of 5 per 
cent has been here assumed fnr calculation. The engines now sdected 
for comparison are as follows: — 

No. IX. Marshall, Sons, & Ca.... Cylinder 8^ ins. in diameter, la ins. stroke. 



Na IS. Davey, Paxman, & Ca... 

Na 13. Brown and May. 

No. 14. Tasker. 

No. 15. Reading Engine Works... 

Na 16^ Ttamer. 

Na 17. Ashley & Co 



n 
n 
n 
>» 
w 
n 



8^ 

9 
9 

93^ 



» 

n 



n 



n 
n 
n 
»» 
n 
n 



IS » 

" u 

14 n 

la » 
X4 >* 



n 
n 
n 
» 
n 
n 



The cylinders of these engines were thoroughly steam-jacketed and 
lagged. The following leading results^ table No. 11 1, are collected and 

Table No. 1 1 1. — Portable Engines, Cardiff. HoksK-power and Water as 

Steam consumed. 1871. 



1 



Na or EtmnMi^. 



1 1. 



I. Averiwe speed, turns perminute, 
3. Do. feet of piston ) 

per minute, ) 

3. Avefage period of admission, % 

4 Actual ratio of expansion,.. 

5. Net pressure in boiler, per ) j. 

square inch, ) 

6. Net iriiiximuin pressure in cy- 

linder, lbs. per square inch, 

7. Net pressure at cut-off, lbs, per 

square inch, 

8. Effective mean pressur^ lbs. 

9. Reported average indicator ) 

horse-power, ^ 

10. Actual steam consumed per 

reported I.H.P.» 

1 1. Special indicator horse-power, 
from sample diagrams, 

13. Sensible steam cut*off per 

special I. H. P.,.. 
13. Sensible steam expanded per 
special I.H.P 



169 
338 

i77o 

4.8 

80 

74-80 

63 

31-25 
18.0 

25.90 

15.0 
16.87 

29.82 

43.47. 



12. 



114 
228 

i67o { 
S.oi 

80 

75 

75 

33-9 

136 

29^6 

15.I 

»4.93 

26.45 

43.57. 



13. 



139 

278 

80 

73 

59 

29.2 

10. 1 
31.8 

10.5 

2a52 

28.87 
28.97. 



14. 



IS- 



124 

248 

387. 

2.4 
60 

52 

48 

■ 29.7 

14.0 

37.9 

I4.I 

25-32 
30-27 

I6.37J 



138 

322 

237a 

3-8 

80 
72.5 

70 

37-0 
20.3 

24.1 

17.9 
18.54 

23-93 
22.57. 



16. 



179 
358 

327. 
2.7 

80 

77-2 

71 

36.24 
24.8 

27.6 

2S-5 
20.08 

22.13 
9.37. 



17- 



125 
292 

'67. 
$.0 
80 

63 

57 

20.4 

12.6 

43-2 

13.3 
16.28 
29.98 
46.07. 



deduced from the information given in the report In addition to the 
average indicator horse-power, as reported, Hne 9, special horse-power, 

' The Trialt 0/ FertabU SUam Engines at Cardiff.— Kefort by the Judges^ 1872. 
I Exdmive of steam sapfdied to ateam.jadtets in some caies. 
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line II, is calculated from the sample indicator diagrams published in the 
report. These special horse-powers may not, and do not, exactly tally 
with the average horse-powers, and the actual quantities of water as steam 
consumed per indicator horse-power, line 10, are not directly comparable 
with the sensible quantities of water as steam indicated by tiie sample 
diagrams. It is therefore only intended, in the last line^ 14, to compare the 
two steams at the beginning and the end of the expansions in the sample 
diagrams. 

The lowest rate of consumption of water as steam, in line 10, belongs to 
the Reading engine. No. 15, being 24.1 lbs. per horse-power. The next 
lowest rate belongs to the Marshall engine, No. 1 1, or 25.90 lbs. These 
two engines have the highest speeds of piston, and have high effective mean 
pressures. They cut oiT at 23 per cent and 17 per cent respectively; and, 
looldng to the performances of the other engines, it is apparent that in- 
creased economy of steam is not effected by cutting off earlier than at 
one-fourth. The highest consumption of steam, 43.2 lb& per horse-power 
per hour, is due to the Ashley 
engine, No. 17, which cut off at 
16 per cent, and made only 20.4 
lbs. of effective mean pressure. 
The comparative economyof cut- 
ting off at one-fourth as against 
one -third is clearly proved by 
Nos. 15 and 16, ihc Reatlinn; and 
the Turner engines, in which the 
effective mean pressures are 
nearly equal, and the initial 
pressure is in favour of Na 16; 
whilst the steams consumed were 
respectively 24. i lbs. and 27.6 lbs. 
per liorse-pouer per hour. The 
sample indicator diagrams from 
tliese two engines are here repro- 
duced for comparison, figs. 224. 

Separating the results of the diagrams having high maximum pressures 
nearly alike— between 70 lbs. and So lbs. net — from those of low maximum 
pressures, the respective consumptions per indicator horse-power are as 
follows. No. 13 is here omitted, as the admissions for the front and the 
back strokes are excessively unequal 




Bwding Epgiiw, Nft t$. 




Turaw's 
ttft. M4.— Pgtubk 



No. 16. 



Cut-off 



Net Ma«iiiiiim Prc*- 
mrc in (.'ylindar. 



Water per 



No. 12 at 16 per cent 75 lbs. 29.6 pounds. 

No. II at 17 „ 77 lbs. 25.9 „ 

No. 15 at 23 „ 72.5 lbs. 84.1 „ 



Na 16 at 32 

No. 17 at 16 

No. 14 at 38 



If 

n 
u 



77.«lb8. 87.6 n 

63 lbs 43.2 „ 

Salbs. 37«9 



ft 
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Stationary Steavi Engines. 



The Porter- Allen Non-condensing Engine was tested at the Exhibition 
of the American Institute, New York, in 1870, by Mr. Wellington Lee.* 
The engine is horizontal. The cylinder is not steam-jacketed, except on 
one side, by the valve-chest On the exhaust side, a belt is interposed to 
protect the cylinder externally from Ihe colder exhaust current The 
cylinder is covered with boiler-cement cased in wood lagging, except the 
valve-chest, which is polished. The cylinder-covers are double, and polished. 
The steam-pipe is coated with boiler cement, and the steam is supplied 
from the Allen boiler, in which it is superheated to some extent. 

The cylinder is i6 inches in diameter, with a stroke of 30 inches. The 
total clearance at each end is equal to 1.233 inches in length of the cylinder, 
making 4. 11 per cent of the stroke The cylinder has four equilibrium 
slide-valvea^ two for the admission of steam, and two for the exhaust The 
valves are driven from a link worked by one excentric of 2^ inches stroke. 
The cut-off" Is variable, but the exhaust-valv^es are driven from a fixed point 
at the extremity of the link. The steam-ports are 9 inches by \\i inches, 
having about V^s^h of tlie area of tlie piston, and each admission-valve 
admits steam to the port at four places simultaneously, the movements of 
the valves being such that they cut off with a rapidly-accelerated motion. 
The steam-pipe is 6 inches in diameter. Each exhaust-port has a sectional 
area of 20 square inches. The steam is exhausted at 27^ inches, or 
91.66 per cent of the strok^ and compression begins at 2 inches from the 
end of the return-stroke. 

The first trial lasted 11 hours, making 125 turns per minute, under a 
friction-brake, when the steam was cut off at an average of 1 1 per cent, or 
3.30 inches of the stroke. The total initial and final volumes for expansion, 
including the clearance, are measured by 4.53 inches and 28.73 inches of 
the stroke^ giving the actual ratio of expansion, 6.34. The average net 



pressure is 5.3a A sample indicator diagram is shown in f^. 225. The 
volume of steam cut off, including clearance, is .5264 cubic foot; the steam 
weighing, if saturated, .0938 lb. The volume by expansion is 3.342 cubic feet^ 

1 See Report of F.xpfrtmaits mait ^riUi At BtrUf^Om Enguu t» idarmku Hs Btanmi^ and 
Efftttiw Fewer ^ 2d edition, 1878. 




Fi^ 995 — Poncr-Alten Steam Engine, Noo-condeiMiiig. Fint 
Tcii Trial: Sanple Indicator Di^gnam. 1870^ 



{Hressure in the steam-pipe is 
73 lbs. per square inch; and 
in the cylinder the maximum 
net pressure is 70 lbs. per 
square inch; and, when cut 
off, 61 lbs. or 76 lbs. total 
pressure The final pressure^ 
at the end of the expansion, 
~-l?5 (below the atmo- 
spheric pressure), or 14.345 
lbs. absolute pressure. The 
ratio K& the final to the initial 
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and it weighs .1240 lb. ; or .0302 lb. in excess of the initial weight, amounting 
to 24.3 per cent of the final .sensible steam. Here is evidence of alternate 
condensation and re-evaporation in the cylinder; and that the superheat, 
which averaged 35°.5 F. in the vaive«hes1; was mudi less than what would 
have been necessary for the prevention of condensation. Mr. Porter was, 
then, justified in asserting that 50"* F. of superheat was found desirable.^ 
There is evidence, nevertheless, that the superheat was materially beneficial, 
in limiting the initial conden- 
sation, since the indicated 
proportion of steam con- 
densed was only 24.3 per cent, 
against 44 per cent, acoMnd- 
ing to table Na loi, page 
474, for nearly thesame period 
of admission, 10 per cent in 
the table ; where no provision 
was made for superlieating 
tile steam, or heating the 
cylinder. 

The indicator diagrams, 
ftgs. 226, are samples of dia- 
grams taken from the same 
en<;jine on another occasion, 
when it w-as tested for fric- 
tional resistance, at the same 
test-speed, 125 turns per min- 
ute. The steam is cut off at 
45 per cent and 23 per cent 
of the stroke respectively. 
The excess of the final weight 
of sensible steam over the 
initial weight for expansion is i.S per cent of the final weight for the first 
diagram, and 9.7 per cent for the second : showing, in connection with the 
average result of the cutting off at 11 per cent, percentages of difference 
and corresponding d^rees of alternate condensation and re-evaporation of 
steam in the cylinder, increasing as the period of admission is shortened. 
They are here given in comparison with the indicated proportions of steam 
condensed in unprotected cylinders^ using saturated steam, derived from 
table No. lOi: — 




Figi. 326. — Porter- Allen Engine. 



Second Teu Trial : 



1- - 




CoodnMtioa. 




Cui-oC 


Condensation. 




II 

23 
45 


per out. 

24-3 
9-7 
1.8 


Table No. lot 


10 

45 


perewt 

44 
23.6 

7 


Do. 


Do 


Da 









* Pncitdmgi a/ tht Imtitution of Mtclumkal Mnghuert, l869, page 56. 
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The strikingly smaller proportions of condensation in the working 
of the Porter-AIlen engine is a proof of the benefit of superheat in 
diecking condensation during admission, when die results are compared 
with the proportions arising from unprotected qrlinders using saturated 
steam. 

The absolute weight of steam condensed, in relation to the period of 
admission, may be stated relatively in terms of the periods of admission 
plus the clearance and the proportional condensation given above, calcu* 
lated in the same mannor as bdore^ for table No. loi, column 7. For the 
admissions, 11 per cent, 23 per cent, and 45 per cent; or, with clearance 
added, 15. 11 per cent, 27.11 per cent, and 49.11 per cent, the relative 
absolute weights condensed, — to be directly compared with each other, — 
areas (15. 11 X24.y^ = ) 367, (27.11 X9.7% = ) 263, and (49.11 x i.-S% = ) -"^S; 
or as I, .72, and .24. These proportions show one-third more steam 
condensed for 11 per cent than for 23 j)er cent of admission; and four 
times as much as for 45 per cent of admission. 

The total measured quantity of water as steam consumed was 18,750 lbs., 
or 3oa5o cubic feet: at the rate of 1704.5 lbs., or 27.32 cubic feet per 
hour. The weight of steam per stroke, as expanded, was stated to be 
.1240 lb. Dcductin;;^ the weight of steam shut in and compressed, 
.0153 lb., the remainder, .1087 lb., is the net sensible quantity consumed 
per stroke. At the rate of 125 turns per minute, the quantity of sensible 
steam consumed per hour was (.1087 lb. x 2 x 125 x 60 = ) 1630.5 lbs. per 
hour. This quantity is equal to 95.66 per cent of 1704.5 lbs., the measured 
quantity of water evaporated, leaving 74 lbs., or 4.34 per cent of water in 
exct ss to be accounted for, as follows:* — 

The temperature of saturated steam of 61 lbs. effective pressure is 
3o8^4 F., whilst the observed temperature of the initial steam of that 
pressure was 343 -9 F. in the valve-chest, making 35°.5 of superheat, 
as before mentioned. Multiplied by .475, the specific heat of gaseous 
steam, and by .1240 lb., the weight of sensible steam for one stroke, the 
product, (35.5 X 475 X. 1240s) 2.10 units, is the quantity of superheat 
Add the heat freed in expanding from 74 Ib& total pressure to 
14'345 Ihs. This is calculated by multiplying the difference of the con- 
stituent heats of these steams, (1175.4—1145.7 = ) 29.7 units per povmd 
weight, by .1240 lb., the sensible weight of steam as expanded, making 
3.68 units. The sum, (2.104-3.68 = ) 5.78 units, is the quantity of heat 
freed for work in expansion. But the total work of expansion is 
941 1 foot-pounds, equivalent to (9411-^772 = ) 12.19 units of heat This 
expenditure is met to the extent of 5.78 units of freed heat; leaving 
the remainder, 6.41 units, consisting of the heat liberated by the con- 
version of a part of the expanding steam into water. The work>heat 
of expansion is, then, — 

> It should be stated that the line of analysis here followed, as well as the quantities deduced, are 
taken up iodepeodenUy of those adopted by the welter of the lepoit, and differ from these In ceveiat 
respects. 
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By superheat 2, i o units. 

fiy constituent heat set free 3.68 „ 

^ ocodensation of expanding steam 6.41 „ 

13.19 » 

These 641 units of heat are derived from the latent heat of the steam, 
of which there are 966 units per pound of the expanded steam of 14.345 

total pressure. To produce 6.41 units, (6.41-5-966 = ) .0066 lb. of steam of 
this pressure is condensed, and the total steam brought into evidence is, 

therefore, — 

Final expanded steam, sensible 1240 lb. 

Steam ccmdensed, of which the latent heat is converted ) 

into voik by expansion / ' " 

Total steam in evidence 1306 „ 

• Deducting the compressed steam, .0153 lb., the remainder, (.1306 
—.0153 =) -11 53 lb., is die weight of steam consumed per stroke, including 
the steam condensed for work by expansion: equivalent to (.1153 lb. 
X2XI25x6ob) 1729 lbs. per hour. This quantity is 24.5 lbs., or 1.44 per 
cent in excess of the measured quantity of water evaporated, namely, 
1704-5 

The slight dilTercncc in excess may have arisen from errors of obserx'a- 
tion, and from want of allowance for the volume of the piston-rod. The 
evidence derivable from the indicator diagrams proves that all the water 
passed from the boiler into the engine can be fully accounted for as steam. 

For comparison, die terminal pressures, at the end of the expansion, as 
calculated under other assumed conditions, are subjoined: — 

per Sijuar^ inch. 

Total terminal pressure, observed J4«34 lbs. 

Do. da for equal weights of steam ... xi.oo „ 
Da do. isodiermally (in hyperbolic ) ^ 

ratio) / ^'^^ " 

Do. da adiabatically 7.08 „ 

The cfil'ective mean pressure in the cylinder is 17.34 lbs. per square inch, on 
an area of 201.06 square inches ; and at a speed of (2.5 x 2 x 125 = ) 625 feet 
of piston per minute, it makes 66.05 indicator horsc-powcr. The steam 
consumed according to the evidence of the indicator diagram is at the rate 
of (1729 lbs. -r 6605=) 26.18 lbs. per horse-power per hour; whilst the 
measured quantity of water consumed was at the rate of (1704.5 -¥66.0$ 
25.81 lbs. per horse- power per hour. 

The wiredrawing exhibited by the indicator diapjrams, figs. 225 and 
226, show s tlic followinj; reductions from the maximum pressure of admis- 
sion to the pressure at cut-off: — 

. . . . Maximum Cut-off ■!-»!«■_„ « 

""■""^ pressure. prc»*ure. 

1 1 per cent 70 lbs 6i lbs 9 lbs., or 13 percent 

23 , 58 5 „ 49 » 9-5 .» or 16 „ 

45 ». ^' » 7» » " " ^ "-3 »» 
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These reductions of pressure by wiredrawing are considerably less in 
proportion than those of the Great Britain and other engines, g^iven in 
table No. 98, page 459. The less degree of wiredrawing is due to the 

short steam passages and the multiplied entrances ftir steam to the cylinder 
provided by the slide-valves. The relatively rapid movement for cutting off, 
also, may have contributed to reduce the degree of wiredrawing. 

Other instances of non-condensing peri'ormance are given under the 
next heading. 

II. blNGLE-CYLINDER CONDENSING STEAM ENGINES. 

An Allen Engine, at Pooley's Mill, Manchester, of construction similar 
to that of the Porter-Allen engine, above described, with the addition 
of a steam-jacket and a condenser, may be noticed in contrast with 
the non-condensing engine.^ The engine is horizontal, condensing, and 
the cylinder is thoroughly steam-jacketed. The cylinder is 18 inches in 
diameter, having a stroke of 30 indies. It makes 120 turns per mlnut^ 
with a speed of piston of 600 feet per minut& In the indicator diagram, 
fig. 227, the steam is cut off at 10 per cent, or 3 inches of the stroke, mak- 
ing, with a clearance of 
6 per cent, or 1.8 inches, 
a total admission of 16 
per cent, or 4.8 inches. 
In expanding to a potnt 
at 90 per cent, or 27 in. 
of the stroke, where the 
exhaust opens, making a 
total expanded volume, 
96 percent, or 28.8 inches 
of the stroke, the actual 
ratio of expansion is 
(96-M6«)6. The total 
initial and final pressures 
of expansion are $5 lbs. 
and 10 lbs. per square 
inch, having the ratio 5.5. 
The weight of steam cut 
off is .0946 lb., and ex- 
panded .1 142 lb., making 
a difference of .0196 lb., or 17 per cent of the final sensible steam. 

The total work of expansion between lO per cent and 90 per cent of 
the stroke, is 10,109 foot-pounds, equivalent to (10109-7-772 = ) 13.10 units 
of heat This quantity is provided for in part by the heat freed by the 
fall of pressure from 55 lbs. total to 10 lbs. total per square inc\ or 

' For a detailed description and illustration of the engine, see a pnpcr by Mr. Charles T. Porfer, 
*' On the Allen Engine and Governor," in the Proaedmgt of the Inslitulton 0/ Mechankal Engine^s 
t868; iwgesa 
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the difTerence of tiie constituent heats per pound of weight, (i 169.0 — 
Ii4a3») 28.7 units, multiplied 1^ .1142 llx, the sensible expanded weight, 
making 3.28 units. The remainder, (13.10—3.28=) 9.82 units of work-heat, 
is supplied by the latent heat of steam condensed during expansion. The 

latent heat of steam of 10 lbs., the terminal expansion-pressure, is 978.4 units 
per pound, and the weitjht of steam so condensed, for expansive work, is 
(13. 10 -r 978.4=) .0134 lb. This is to be added to the final sensible steam, 
.1142 lb., making up .1276 Ih. of Steam in evidence at &e end of the 
expansion. The compressed steam, .0044 Ih, calculated for a total ex- 
haust back-pressure of $}4 Ib&i » to be deducted, and the reminder, 
(.1276— .0044=) .1232 lb., is the weight of steam consumed per stroke 
equivalent to (.1232 lb. X2X 120x60 = ) 1774 lbs. of steam per hour. 

The total back-pressure on the piston is 4 lbs. per square inch, and the 
effective mean pressure is 18.2 lbs., making 84 indicator horse-power. The 



Table Na 1x2. — Results of Pbrforiiamcb op Porter-Allen and Allen 

Steam Engines. 





Porter-Allen, 
N oo-condonsiiig. 


Allen, 
Condensing. 


Speed of piston, in feet per minute 

Total initial pressure, at cut-off 

Ratio of pressures 

Weight of initial sensible steam 

Weight of net steam consumed 1 

Weic;ln of final sensible steam con- \ 
sumcd per horse-power per hour, ( 
measured direct from the indi- C 
cator diat^ram / 

Weight of water as steam actually | 
consumed per horse-power per > 


superheated steam. 

16 inches. 
30 inches. 
1.233 ins., 4.x I percent 
125 turns. 
625 feet 
XX percent 
91.66 per cent 

6.34 
76 lbs. 
X4.34 lbs. 

530 
.0938 lb. 
.1940 Ih 

.0302 lb. 
24.3 per cent 

.1153 lb. 
34.69 lbs. 

35.81 lbs. 
66.05 H.P. 


jadceted cylinders. 

18 inches. 

30 inches. 
X.8 ins., 6 per cent 

120 turns. 
600 feet 
xo per cent 
90 per cent 
6 

55 lbs. 
xo lbs. 

5-5° 
.0946 lb. 
.XX43 lb. 

.0196 lb. 
17 per cent. 

.1232 lb. 

3X.X3 lbs. 

84 H. p. 



wei.L,dit of steam proved by the indicator is (1774-7-84 = ) 21.12 lbs. per 
horse-power per hour, which does not include the weight of steani con- 
densed in the jacket 

This calculation of the weight of steam consumed brought into evidence 
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by the indicator, has been made without any allowance for heat com- 
municated by the jacket during expansion. It has been assumed that the 
heat absorbed by the material of the cylinder during the first part of the 
expansion is counterbalanced b\- the heat given out by it to the steam 
during the last part of the expansion. 

The foregoing results, deduced from indicator diagrams, of the Allen 
condensing engine are compared with those from the Porter-AUen engine, 
page 505, in the table No. 112. 

It is apparent that tJie characters of the expansion-lines are very 
different: — proceeding, in the one case, from superheated steam; in the 
other, from saturated steam, aided by a steam-jacket. Cutting off at 
II per cent and 10 per cent of the stroke respectively, the expansion-lines 
show alternate condensations and re-evaporations of 24.3 per cent and 
17 per cent of the steams. Again, the steam-jacket, in the second case^ 
deals, in presence of the condenser, with a greater range of temperature 
than the superheat of the non-condensed steam, in the first case; and it is 
to be inferred that the steam-jacketed cylinder displayed a greater degree 
of efficiency than the cylinder with superheated steam, whilst both of them 
are clearly superior to an unprotected cylinder with saturated steam. 

The total final pressure of expansion, in the Allen engine, calculated 
isothermally, in the hyperbolic ratio, would be (55 lbs.-f the actual ratio 
6—) 9.17 lbs. per square inch, or .83 lb. less than die observed final 
pressure, 10 lbs. The light hyperbolic line on the diagram, fig. 227, 
shows a satisfactory agreement with the actual curve of expansion: — 
although a little fuller at the upper part, and a little more hollow at the 
lower part. 

The steams brought into evidence by two other indicator diagrams from 
the same cylinder, shown in outline, in fig. 227, arc here stated, with the 
results already ascertained, thus, — 

Period of admission, 10 per cent Steam per horse-power per hour, 21.12 pounds. 
Do. 20 „ Do. do. 20.33 „ 

Do. 36 „ Da do. 19.92 „ 

It appears that the rates of consumption vary inversely with the periods 
of admission ; suggesting that there was less economy in cutting off earlier 
than at one-fourth of the stroke. 

The Crossmss RdaHot Pumping Engines} four in number, have each 
a 48-inch cylinder, of 9 feet stroke^ thoroughly steam-jacketed. They 
make 11 turns per minute, with an average speed of piston of 198 feet per 
minute. The total clearance at each end of the cy linder is 2.6 per cent of 
the stroke. The mean periods of admission at the top and bottom of the 
cylinders of the respective c ngines, according to sample indicator diagrams, 
of which one set is represented in fig. 22ii, are 13 per cent, 13)4^ per cent, 

» 

*Scc Mr. Gilbert Hamilton's paper, "Description of the Cro'^sness Pumiiin;:;-cnt^ines for the 
Metropolitan Main Drainage Works," in the Procadtngi of the ImlUutwn oj Mechanical Engineert^ \ 
i867;pifB83& » 
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ly/i per cent, and 18^2 per cent, for which the actual ratios of expansion, 
reckoned to the end of the stroke, are 6.60, 6.310, 6.S0 and 4.90; reckoned 
to 90 per cent of the stroke, they are 6, $,66, 5.90^ and 4.59. The mean 
total initial pressures for expansion are 46,5 Ibs., 42.75 lbs., $0.$ lbs., 48.$ lbs., 

and the total final pressures 
at 90 per cent are 9.12 lbs., 
775 lbs., 10 lbs., u lbs. The 
ratios of the tmtial to the final 
pressures are 5.10^ 5.51, 5.01, 
and 4.41. The mean weights 
of sensible steam, cut off for 
expansion, are 1.89 lbs., 1.92 
lbs., 2.16 lbs., 2.79 lbs.; and 
at 90 per cent of the stroke, 
247 lbs., 2.18 lbs., 2.81 lbs., 
and 3.04 lbs. The differences, 
or excess weights of final 
steam, are 23.5 per cent, 12 
per cent, 23.1 per cent, and 
8.2 per cent of the final \vci;^4it-s. These excess wcij^hts, indicatincf alternate 
condensation and rc-cxaporation in the cylinder, are much less than \\iiat 
take place in unprotected cylinder^i, according to table No. loi, page 474; 
and their smaller proportions are evidence of the benefit derived from the 
steam-jackets. 

The net indicated we^hts of steam consumed per stroke^, after deduct- 
ing steam compressed, arc 2.44 lbs., 2.14 lbs., 2.78 lbs., and 3 lbs. To 

these should be added the weii^hts of steam condensed for expansion-work. 
Dividing the total work, in foot-pounds, done by expansion to the end of 
tlic stroke by 772, tlie quotients arc 291. i, 253.1, 314.3, and 341.7 units of 
heat converted into work by expansion, produced in part by the free heat 
disei^iaged by die expandii^ steam due to the difference of the constituent 
heats of the initial and final steams; and, in part, by the heat disengaged 
by condensation of the expanding steam. The differences of the constituent 
heats, multiplied by the respective weights of final sensible steam, give the 
free heats disengaged, 65.95, 61.04, 75-^7' "^n*^' 75-40 units; which, being 
deducted from the respective quantities of heat converted into work by 
expansion, give the remainders, 225.15, 192.06, 238.43, and 266.3 units of 
heat, drawn from steam condensed during expansion, and converted into 
work. These, being divided by the respective latent heats of the final 
sensible steams, give the weights of steam so condensed, namely, .229 lb., 
.195 lb., .244 lb., and .273 lb. Adding these weights to the weights of 
sensible final steam respectively, and deducting the weights of steam 
rcscr\ ctl by compression, namely, .029 lb., .030 lb., .029 lb., and .036 lb., the 
ultimate remainders, 2.670 lb.s., 2.345 lbs., 3.025 lbs., and ^.2^/ lbs., are the 
weights of steam consumed for one stroke^ brought into evidence by the 
indicator. Multiplied by (i i strokes x 2 x 60 minutes^) 1320^ the products, 




F%; 9:S. Crt'ssncss Pumping Steam Eastnes: Indicantor 
DLai;rains, from top and bottom of cylinder. 
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3524 lbs., 3095 lbs., 3993 lbs., and 4260 lbs., are the weights of steam per 
hour, proved by the indicator; and these, divided by the respective indi- 
cator horse-powers, 187.3 H.P., 168.8 H.P., 2CX).8 H.P., and 254 H.F., give 

the weights of steam 18.82 lbs., 18.34 lbs., 19.89 lbs., and 16.77 lbs., per indi- 
cator horse-power. Arrange these weights consumed in the order of the 
corresponding periods of admission, thus: — 

Cut off at 13, i$yi X3j^ iSyi percent 

Calculated indicated weight of steam 
consumed per horse-power. 18.83 19.89 1 8. 3 4 1 6. 7 7 lbs. 

The first and second i)crio(is of achnission are so nearly identical that the 
mean of the steams may be taken for comparison. It is clear that the 
consumption of steam diminishes as the period of admission is lengthened 
from 13 per cent to 185^ per cent; and it may be presumed that tiie 
consumption would be still further reduced for longer periods of admission, 
up to probably 25 per cent of the stroke, for which, by plotting the given 
results, the consumption of steam is found to be 15^ pounds per indicator 
horse-power per hour. 

That these quantities of steam, deduced from the evidence of the 
indicator diagrams, represent at least approximately the actual consump- 
tions^ is corroborated by the fact that the quantity of coal consumed per 
indicator horse-power was 2.2 lbs.; seeing that the average consumption of 
steam as above calculated is 18.45 ^^s. per indicator horse-power, which, 
divided by 2,2, gives S.39 lbs. of water evaporated per pound of coal, — a 
reasonably good proportion. 

The four ear/y pumpini;^ engines of t/ie East London IVatcr-ivorls were 
tested by Mr. C. Greaves^ for long periods. The engines are "Cornish:" 
that is to say, single-acting high-pressure expansive condensing engines, 
working single-acting pumps through the medium of a beam. The steam 
is admitted and cut off by double-beat valves, and expanded on the upper 
side of the piston for the " indoor-stroke " or down-stroke, whilst the lower 
face of the piston is open to the condenser. When the indoor-stroke is 
completed the expanded steam above the piston is freely admitted and 
exhausted to the lower side of the piston, which is closed to the condenser, 
and the piston, the two laces of which are in equilibrium, in the spent 
steam, quietly ascends to the top of the cylinder. When it arrives near 
the top the exhaust from the upper side is closed, and the remaining steam 
is compressed, whilst the exhausted steam below the piston is discharged 
into the condenser. 

The walls of the cylinders are cased in steam-jackets inclosed in an outer 
casing of fine ashes, 12 inches thick. The covers are not jacketed, but 
they and the pipes are well encased- The jackets are filled with steam of 
35 lb& effective pressure per square inch— the pressure in the boilers. The 
steam-valves are double-beat ^ves. 

* See Mr. Gmxnsl paper on Comtth Pamping Engines in the Proceedings of the Jmtitutton of 
Mteitttdad Eniiimnt \Ua\ 147. 
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NaatofBqgiM Ajax. CteHmt Wicicmm. Victoria. 

Diameter of cylinder 72 in. 80 in. 90 in. 100 in. 

Average length of stroke g ft jyi ia. 9 ft. 9 in. loftjin. 11 feet 

Total clearance at the top, in I ^_o/ 0/ 01 

parte of the stroke........} S-S^U S'HVo Z-SSV. 

Five pairs of indicator diagrams, figs. 229 and 230, were taken from the 
72-inch cylinder for various cut-offs of from ^ stroke to yi, doing the same 
duty at tiie same speed, 7 strokes per minute. Each pair of diagrams was 
taken, one from the upper side, and one from the lower or exhaust side. 
The indoor-strokes were made at speeds of from 500 to 600 feet per minute. 
For instance, in cutting off at one-fourth, a lo-fcct stroke is frequently 
made in the course of one second, at a mean speed of 600 feet per minute; 
and an 11 -feet stroke in i)^ seconds, at a mean speed of 528 feet per 
second. 

Select for analysis the work of the 72-inch cylinder with a stroke of 
91625 feet, cutting off at one-fourth — 25 per cent The clearance is 3.67 
per cent of the stroke, and the actual ratio of expansion, reckoned to the 

end of the stroke, is (103.674-28.67 = ) 3.63. The total maximum pressure 
durin<:j admission is 34 lbs. per square inch; the total pressure at the 
cut-off is 23 '4 lbs., and at the end of the stroke lbs., the ratio of the 
pressures bciii^ 3-44- The weight of sensible steam cut off is 4-564 lbs., 
and expanded, 5.163 lbs., the difference, .599 lb., being 1 1.6 per cent of the 
final weight of sensible steam. 

The total work by expansion for one stroke is 344,850 foot-pounds, 
equivalent to 446.7 units of heat. Of this quantity of heat 95.53 units 
are supplied as heat set free as the difference of the constituent heats of 
steams of the initial and final pressures in expansion, and the remainder, 
351.17 units, is disengaged from .3543 lb. of steam of the fmal pressure, 
condensed during expansion. The total steam in evidence is the sum of this 
weight condensed, and 5. 163 lbs. that of tJie final sensible steam; or 5.5 17 lbs. 
Deducting 59 cubic feet of steam detained, at a total pressure of 4}4 lbs., 
and compressed, .737 lb. in weight, the remainder, 4.780 lbs., is the weight of 
steam consumed within the cylinder per stroke, as evidenced by the indicator. 
The steam condensed in the jacket was returned direct to the boiler, and is 
estimated by Mr. Greaves, from the results of observations on the 90-inch 
cylinder engine, as 4 per cent of the steam consumed within the cylinder. 
Making an addition for such steam, the we^ht consumed per stroke amounts 
104.971 lbs. per stroke; equivalent to (4.971 lbs. x 7 strokes x 60 minutes**) 
2088 lbs. per hour. The horse-power, calculated for an effective mean 
pressure of 15 lbs, per square inch, is 124.6 horse-power; and the quantity 
of steam, by the indicator, consumed per horse-power per hour is (2088-^ 
124.6 = ) 16.76 lbs. The wei'^dit of water as steam recorded as actually 
consumed over a long period per indicator horse-power is 20.72 lbs. The 
calculated weight, 16.76 lbs., is 23 per cent less tfian the observed actual 
consumption of water for a long period. Such direct comparison is of 
doubtftil use^ (or there were unmeasured contingencies in tlie case. Of 
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Cut-off at %. 




course the condensing action of the unjacketed cover of the ^linder made 
its impression on the performance. Nevertheless, the proportion of the 

weight of expanded steam 

condensed was but 1 1 }4 per 
cent, whilst, by table No. lOi, 
pac[c 474. 23 '2 per cent, or 
twice as much, was condensed 
in unprotected cyltnderSb Be- 
sides the likely causes of acci- 
dental increase of consump- 
tion during a long period of 
continuous work — as leakage 
from safety-valves and j^auge- 
cocks, and extra steam used 
in starting every day — the 
average movement of the pis- 
ton (or seven double-strokes 
per minute was only (9.625 
feet X 2 X 7 = ) 135 feet per 
minute. The down -strokes, 
at the rate of, say, 600 feet of 
piston per minute, were made 
in (9.625x7^600 = ) .112 
minute; and the seven up- 
strokes, including the station- 
ary intervals, were made in 
( I — . 1 1 2 = ) .888 minute, at an 
average speed of (9.625x7 
X I -r.888 = ) 76 feet per min- 
ute; The extreme slowness 
of the upward movements, 
with the intervals of repose 
at the end of each up-stroke, 
were the occasion of much 
condensation, which could not 
all be brought into evidence 
by the indicator. 

The results of tJie fore- 
going and similar analjrses of 
the performances of the 72- 
inch cylinder engine Ajax, 
cutting off at various parts of the stroke, and of the three othjsr engines 
already named, are given in table No. 1 13, pages 512, 513. 

An instructive contrast is afforded by the five pairs of diagrams, taken 
from the 72-inch cylinder, combined in fig. 231, cutting off at from one-half 
to one-sixth the stroke^ showing the same effective mean pressure^ with 




Ctat^ati/S. 
k— £ut London Water^vorlcs; 

from ya-inch Cylinder. 
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Uie same speed, and doing the same duty. The calculated quantities of 
water as steam consumed per indicator horse-power, line 31, show that a 
period of admission of one- 
fifth is the most economical ; 
that there is little difference 
between one- fifth and one- 
sixth for economy; and that 
the consumption increases 
with the period of admission 
beyond one-fifth. The very 
small difference between one- 
fifth and one- sixth is suffi- 
ciently explained by the dia- 0.t^.t,A5. 

grams, which are nearly ikam 7t4adi Cyiiadn 





Fig. a3i. — East LonUun WiUcr-wurks : Combination c( t'lve Indicator Diagrams from 72 inch Cylinder. 

identical in form, and in which it is seen that by the wiredrawing of the steam 
in cutting off at onc-fiftii, the admission of steam virtually ceases at one-sixth 
of the stroke. The greater efficiency of one-fifth and one-sixth compared 
with the larger fractions of admission, is due mostly to the higher initial 
pressures and the greater quantities of work done by expansion, shown in 
line 1 5 ; and in part also to the freer admission of steam, for which the admis- 
sion-line is full and round, in the shcxrter cut-offs, and is, on the contrary, 
hdlow in the longer cut-offs. The wiredrawing action is, it is seen in line 10, 
very considerable, notwithstanding the prompt action of the double-beat 
vah es, which arc 16 inches in diameter. The diagrams, fig. 232, of the lift 
of the steam -valve of the 72-inch cylinder were traced by the valve itself, 
showing the actual points of cut-off on the base-line of the figures, the length 
of the base-line representing the stroke. The vertical scale of the diagrams 
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is full size, showing the actual lifts, whicli were — for an admission of half- 
stroke, 1.88 inches; of one-third rtrdn^ 1.80 Indus; of one-fourtih stroke 




Fig. sja.— East London Water-works Diagnms of the Lift nf 



Valvn of 79-inch Cylinder. 



1.74 inches; of one-fifth stroke, 1.69 inches; and of one- sixth stroke, 
1.53 inches. These diagrams prove that the steam was admitted freely 
and cut off promptly; and yet the proportions of wiredrawing, line 10, are 
very considerable, in comparison with those of crank-engines. The initial 
velocity of ^e piston, uncontrolled by a crank, was of course much greater 
than that for a crank-engine; and as the average velocity of the piston in 
making the indoor-stroke is, as before noticed, from 500 feet to 6cx> feet per 
minute, the velocity may have been twice as much in the early part of the 
stroke. Hence, probably, the excessive wiredrawing, the proportion of 
which increases with the period of admission. 

For practical reasons, says Mr. Greaves, a period of admission of one- 
fourth is preferred for regular work. For shorter periods, the stress on the 
machinery becomes excessive. Though an admisaon of one-fourth does not 
give the lowest calculated consumption of Steam in the 72-inch cylinder, 
it gives, in the 90-inch cylinder, the lowest measured consumption of all. 
It may be taken that, in the engines under notice^ an admission of about 

Table Na 113. — East London Water-works: Pumping Enginrs — 
Prriorbiance or the Engimbs. 



I. NaMS of E.NCINB. 



Diameter of cylinder.. 

.Stroke of cvliiKler. 



4. Peri»il of admission 

5. Actual ratio of apMsinn.. 

6. Total nuudmoiD prat* ) 

sure in cylinder..... \ 

7. Total initial pressure ) „ 

at cut.off i '"^ 

8. Total final jiressure lbs. 

9. Ratio of pressures, Nos. ) 

7aiid8 S 



AjAX. 



72 inches . 
9.625 feet. 





2^ 




\ 




'93 


3.6a 


4.38 


5.10 


27.7s 




34.25 


34-25 


37 


IS 


19.7s 


83.25 


27.25 


30-5 


7.25 


7 


d.75 


6.25 


&33 


a.07 




3.44 


4.36 


4.82 



Cornish 



80 in. 
9-75 ft- 

27 

«7.S 
7 

2.50 



WrcK- 

M EllU. 



90 in. 
10.58 ft 

3.66 
36 

23 
6.25 
3.66 



Vic- 
toria. 



100 in. 
II ft. 

3-65 
40 

29 

7-5 
387 



/ 
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Table No. 113 {amtinu^). 



Namb OP Encins 



lbs. 



10. Wiredrawing, ) 
difference of Nos. [■ ji.ccnt. 
6 and 7 \ 

11. Weight of sensible { 
steam cut off. ( 

13. Weight of 
steam expanded. 

13. Difference of Nos. | 
II and 12 \ '"^ 

14. Difference per cent of 
No. 12 

15. Total work hy expan- 
sion, in heat-units 

16. Supplied partly as 
ooostittient heat of 
steam freed by ex- 
pansion 

17. ami iwrtly as heat 
of steam condensed 
for work by expan* 
sion 

18. Weteht of steam so ) 
oondmed. 

19. Total weight of steam '1 
in evidence by indi- f 



units. 



units, 



AjAZ. 



CoRvrsH.i 



cator, per stroke, sum ( 
of Noi. 12 and 18. . . ) 



lbs. 



ai. Netsteunoonsinned, ) 

of \ lbs 



} lbs. 
j 



by the evirlcnce 

the indicator 

22.Estimate(l steam con- 1 
densed in jacket, per > lbs. 

stroke ) 

43. Total calculated net \ 
we^ht of ttean con- f 
snmed per stroke, \ 
sum of Nos. 2 1 and 22 ) 
24. Water as steam con- ) 
sumed per stroke from f 
the boilers Ibr long > ^^5- 

periods 

S5*I>'ftnDGe of Nos. 

33 and 34 

a6. Difference per ) 

> r,t .f X,,... 24,.^. \ 



lbs. 



467. 

5-652 
5.501 

-.151 

-2.7% 
273- 10 

58.31 

214.79 
.217 

5.718 

.830 
4.888 

•«95 

5.083 



377. 

S.045 
5332 

5-47. 
381,00 

8zii 



298.89 351.17 



32% 

4.564 

5163 

.599 

ii.6y. 



20% 

4.375 

4.768 

.393 



«8% 

4.179 

4.824 

.645 



Wick- ' Vic- 

STti;iJ. TUKIA. 



8-2% 13.4/; 



446.70 497.50 



9553 



.302 

5-634 
.814 

4.820 

.177 

5.008 



•354 
5-5 '7 



ioa6o 

396.90 

■399 
5.167 



.737 
4.780 



.737 
4-430 

.191 .177 



4.971 

6.15 
1.18 



539- 10 
116.30 

422.80 
426 
5.250 

.737 
4.5>3 

.180 



35% 

5.602 
6.660 
1.058 

423-40 



89.91 157.20 



367. 

7457 

8.101 
.644 

8% 
751.70 



4.607 4.693 



33350 

•337 

6.997 

•635 
6.362 

.255 

6.617 

7.61 

.99 
■3% 



594.50 

•59S 

&6£t> 

1.451 
7.248 

.390 
7.538 

9.97 
243 



27'/. 

12.220 
12.246 
.026 

•217, 
1130.00 

254.60 

875.4 
.886 

13.132 

1.512 
ii.6ao 

465 

12.085 

»4.53 

a-4S 
ifi.97. 



27. Eflbctivemean pies- ) 

suci. ( 

s8L Strokes per miintte 

29. Average speed of ) , 

f iston per minute .. \ 
ndicator horse-power,! I. P. 

31. Calculated water as 1 
steam con^iumed per [ lbs. 
iLP. per boar ) 

32. Water as steain ac- j 
taally consamed per f ,, 
H.P. per hourfor long I 
periods ) 

33. Difference of | 
Nos. 31 and 32.. | P' 

34- Coal consumed per ) 
H.P P** 



VmuI. 



15 


»S 


'5 


•5 


'5 


14-38 


'558 


16.58 


7 


7 


7 


7 


7 


7 


6 


5 


'35 


»3S 


'35 


'35 


'35 


'365 


127 


no 


124.6 


124.6 


124.6 


124.6 


124.6 


149.5 


190.7 


217/} 


17.14 


16.88 


16.76 


»5-S2 


15.82 


18.59 


'4-23 


16.70 






2a72 






21.38 


18.82 


20.08 






19.27. 






»37. 


24-47. 


16.97, 






2.07 






1.14 


1J8 


8.01 
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Fig 733. — Sulzer Steam Engine : indicator diacfun. 



one-fourth, gives probably the highest degree of efficiency of steam-power, 
although, according to die evidence of the calculated steams per horse- 
power, line 31, a latitude of 

between one-fifth nnd one-fourth 
of the stroke for admission may 
be allowed in pursuance of the 
most economical result There 
is a considerable difference, line 
25, between the quantities of 
water as steam brought into 
evidence by the indicator, line 23, and the water actually consumed, line 24. 
The difference may be due partly to the diverse origin of the two quantities, 

, of which the second, in line 24, 

was measured for long periods, 
and partly to the incomplete 
jacketing in steam, — ^the walls 
only of the cylinder having been 
steam-jacketed. 

A steam engine, of a modi- 
fied Corliss type, hy Messrs. 
Sulzer Brothers, Winterthur, was 
exhibited at Vienna in 1873. 
The cylinder was 17^ indies in 
diameter, with a stroke of 3 feet 
S-^H inches; stcain-jackcted, and 
thoroughly lagged with cement, 
felt, and wood. A similar en- 
gine, of u hich a sample indicator 
diagram is shown, fig. 233, cut- 
ting off at 4 per cent, was said 
to have consumed 18^ lbs. of 
water as steam per indicator 
horse-power per hour. On a 
pair of 200 horse-power engines 
of this class, a consumption of 
less than 20 lbs. of water per 
horse-power per hour was guar- 
anteed. Professor Lind^ tested 
one such engine, with the follow- 
ing average results of a four- 
days trial.^ Making 40 turns 
per minute, the actual ratio of 
expansion was 10, with 70-lb. 
steam, and a pressure in the condenser of .27 lb. Indicating 395 horse- 

' See Report of tht Amerkan Commisiion oh the Vienna Exhtbitian, edited by Professor Robert 
H. Tliunton; red. ilL page 23. 




HoiTu-CoriiH Engm: indicator du^iams. 
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power, the consumption of water as steam was 19.6 lbs. per horse-power 
per hour. Evidence is wanting to show w hether such a lary;c measure of 
expansion as 10 was necessary for securing the most economi<:al result 

Three autoMoHc cut'Off engines were subjected to ■ trials^ conducted 
by Mr. J. W. Hill, at Cincinnati, in 1880.' These engines were the Harris- 
Corliss, the Reynolds-Corliss, and the Wheelock engines, all fitted with 
liberating valve-gear: the first and the second having the original Corliss 
valves and gear, with vacuum dashpots, and wdth sj)ecial improvements, and 
the Wheelock engine having a system of taper-plug valves, placed in one 
plane below the base of the cylinder, with weight dashpots. The com- 
parative tardiness of the weight dashpot is proved 1^ the wiredrawing 
shown on the indicator diagrams of the Wheelock engine. The Wheelock 
engine was fitted with a Bulkley condenser, which does not require the use 
of an air-pump, the air present in the exhaust being carried down the 
descending limb of the condenser, by induction. The engines were tested, 
first, as condensing engines ; and then as non-condensing engines. 

Engine. Dianicicr of Cylinder. Scmkc ""itfeiSiwl" 

Reynolds-Corliss z8.o3 inches 4 feet 3.65 per cent 

Haxris-Corliss 18.03 >• 4 » >*93 » 

Wheelock 18.36 „ 4 „ 3.35 „ 

The cylinders were not steam-jacketed. The effective pressure in the 
boiler was 96 lbs. per square inch. The nominal speed of the engines was 

at the rate of 75 turns, or 600 feet of piston, per minute. Each engine was 
tested for a period of ten hours; the results arc gi\en in tabic No. 1 14. 
The steam from the boiler was tested for moisture by a "calorimeter," and 
the net steam delivered to the engine, — as dry steam, — is herein recorded. 
Sample indicator di^ams are given in figs. 234. 

From the tabulated results on pages 51^ 517, it appears that the ratios 
of the pressures are nearly the same as t^ose of the respective actual 
expansions; and that the consumptions of steam per horsepower are as 
5 to 6 for condensing and non-condensing action. Thus: 

Avexagei. CoadcnHBg. Non<ondcnsu)g. 

Actual ratio of expansion 6.95 5.81 

Ratio of inessures, initial and final 6.74 5.63 

Steam per indicator horse-power per hour. 19.58 lbs. 33.79 lbs. 

The proportion of steam brought into evidence by means of the indicator- 
diagram, averages 81.30 per cent for the condensing engines, and 88.82 
per cent for the non-condensing engines. The shortcoming is due to the 
portion of steam condensed in the cylinders, which is not restored by re- 
evaporation, in the absence of steam-jackets or equivalent means. But the 
proportion of deficit, averaging 1 8.7 per cent for the condensing engines, is less 
for the non-condensing engines, and averages 11. 18 per cent only:— clearly 
due to the more devated minimum temperature of the flinders and the 
shorter range of temperature, when non-condensing, than when condensing. 

> .Sec Report of the Exf>ert on the Tat^riats of AtOomoHe GiHffSimm Emgum, taAtfira MUbmf 
JnUmatioHal ExAibitiou, CincionoU, Jnn^ tSSa 
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Table No. 114. — ^Results of T^st-trials of Automatic Cut-off Stbam 

Emgimbs. J. W. Hill. iSSo. 





CWIJWL 


Harkis- 


WXBMCB. 


15-967. 


13.637. 


i6.9r/. 


7.08401.0. 


7.092 Cll.ft. 




l-3i6 If 

7 269 » 
e.c66 


7.228 „ 


1.40S » 

7-445 


UM. 






99-46 » 


IOO16I ,p 


91.57 


17.4* tf 


17.04 » 


17.46 „ 


S-7>4 


S.9O4 


5-H4 


sv. 


3-57. 


"•37. 


.3022 Ih. 


.2559 lb. 


.29841b. 


•3235 *» 


.3«S« 


.33>8 .. 


.0213 „ 


■0592 .. 


•0344 


6.587, 


18.787. 


•0.347. 


38.9ft anils. 


4a74iiDits. 


38^40 onits. 


iaS4 *f 


ia46 „ 


ia9S „ 


28.41 H 


30-28 „ 


a7.48 


.0996 Ibk 


.0316 lb. 


.0287 Ih, 


•3*35 » 


.3»S» 


•3328 ,. 


•3531 » 


.3467 M 


.3615 »* 


•(»34 •> 


•0339 It 


.0315 >• 


•3*97 t» 


.3138 M 


.33"> »t 


29.78 lbs. 


28.94 lbs. 


29^36 lbs. 


75-33 turns. 


75.81 turns. 


76.07 turns. 



ENGINES CONDENSma 



I. 



Name or EiiciitB.<| 



X Average period \ 

of admissum .. \ 

3. Net vulumc of | 
cylinder \ 

4. Tot.il volume ) 
cut o»T ( 

5. Total final volume 

6. Actual ratio of 
expansion 

7. Total maximum ) 

Eressiue in cy- ' 
od«r 

8. Totsl initial 
prewai eat cut- 
off 

9. Total final pres- 
sure 

10. Ratio of pres- 
sures, Nos. 8 
and 9 

11. Wiredrawiog, 
diflerence of 
Nos. 7 nn<1 8 .. 

12. Weight of sensi- 
ble steam cut off 

13. Weight of sen- 
sible Steam ex- 



RCVNOLOS- 



14. Diflbenoe of 

Nos. 12 and 13 

15. Difference per / 
cent of No. 13 \ 

16. Total work by ) 
cxpsasion in !• 
heat units } 

17. OrwhidiispiD- 1 
vidcd by freed > 
constituent heat ' 

18. And by condcii- ) 
sat ion c)f ex- 
panding steam 

19. Weight of steam 
thus condensed 

20. To be added to 
sensible exp.and- 
ed ste.im.No. 13 

21. Total steam in 
evidence by in- 
dicator per 
stroke: sum of 
Nos. 19 and 20 

22. Deduct com- ) 
pressor 1 Nte.iin .. ] 

23. Net steam in evi- J 
dencc consumed / 
per stroke J 

24. Effective mean 1 
pressure per sq. [ 
mch ) 

25. Turns per minute 



12.417. 
7.o84ciLft. 

1-064 

7.269 „ 
6^812 

105.79 Ibi. 

101.03 It 
15.16 „ 
6.668 

4.57, 
.2478 lb. 
.2842 „ 

.0364 „ 
12.817. 
36.48 units. 

9-95 II 

26.53 I. 
.0975 lb. 

.2842 „ 

.3"7 ti 

-0077 „ 
.3040 It 
35.40 lbs. 



Hakbis- 



11.877. 

7.092 CD.ft. 

.978 

7.228 „ 
7.391 

104.77 lbs. 

101.67 o 

14.57 » 

6.978 

37= 

.2291 lb. 
.«7»$ >» 

.0434 
15.937. 
34.00 units. 

9-75 II 

.0951 lb. 

•2725 

.a976 .. 

.0063 „ 
•S913 ti 
35.67 lbs. 



75. 38 turns.; 75.83 turns, 



13.087. 
7.276cn.ft 

1.121 „ 

7-445 
6.641 

102.79 lbs. 

9M» I* 
14.04 

6.581 

107. 
.2401 lb. 

•a5«4 t. 

.0123 „ 
4.87% 



8.66 



II 



27.70 „ 
.0287 lb. 

•2524 



.2811 



II 



.0071 „ 
.S740 » 

33-94 lbs. 

74.47 turns, 
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Table No. 114 {continued). 



BMCIHBS CONnBHSmC 



Nams op EnGiin. U ^^^J^wwT 



36. Speed of piston | 
in feet per min. ( 
27. Indicator hurse- \ 

power \ 

2S. Net steam in 
endence con- 
iiuned per hour, 

in cyUndcn 

•9- Net steam in 
evidence con- 
sumed perhorse- 

power 

30. Steam delivered 
to the engine 

per hour 

|I.StcaaidcUvered ) 
perhorge-power \ 

32. Difference of \ 
Nos. 28 and 30 \ 

33. Difference of per \ 
cent of No. 30 ( 

34. Net steam in" 
evidence, per 
cent of steam 
delivered to the 
engine 



■603.04 feel. 
165.0 H.P. 

2750 lbs. 

16.67 „ 

3360.6 „ 

20.37 

610.6 ,, 
18.187, 

8i.8a7. 



HAKIU&- 



WwiaLocic 



603.44 feet. 
167.4 H.P. 

2651 lbs. 

15-83 » 
3206 „ 

19. IS » 

555 M 
17-327. 

82.687. 



595.76 feet. 
i6a4 H.P. 

2449 lbs. 

3085 •* 

19.22 „ 

636 „ 
20.617, 

79.397. 



BKGUnS M0M.CONDBNUNe. 



Reynolds- 



Harris. 
Omuss. 



602.64 feet. 606.48 feet. 
138.7 H.P. |i35.S H.P. 

29S0 lbs. 2855 lbs. 



ai-49 »* 



3199 



23 07 „ 

219 „ 



93«67, 



ai.oa„ 

3216 „ 

23.68 

".237. 
88.777. 



WonLOCK. 



608.56 feet 

141.8 H.P. 

2949 lbs. 

aaSo „ 
3489 

2,».6l „ 

540 ,. 

15.487, 
84.527. 



Single-cylinder Condensing Engine^ Stcam-jacketcd and Covered. — The 
Corliss cylinders, constructed by Messrs. Hick, Hargreaves & Co.,^ and 
erected at Saltaire, have single cylinders 50 indies in diameter, with a stroke 
7 feet; tiiorou^Iy steam-jacketed with steam from die boiler, of 45 lbs. 
pressure. They make 30 turn.s per minute, consuming lbs. of coal, 
or (2]i lbs. X 6.96 = ) 17.4 lbs. of water per indicator horse-power.* Four 
sam[)lc.s of indicator diagrams are given, figs. 235, for which the clear- 
ance-space is 2}4 per cent They respectively, 

1. a. a. 4- 

Cut off at 1 25, ao, 15, 13 percent 

Actual ratios of expansion 3.36, 4.10, 5.30^ 6.00 

Total initial pressures for expansion 36}^ lbs., 37 lbs., 32^ lbs., 3a lbs. 

Total final pressures, taken at 00 ) 

per cent of the stroke ) 

Ratios of pressures 3.27, 4.23, 5.04, 5.00 

These ratios nearly agree with those of the expansions, and the light- 
line hyperbolic curves on the diagrams show a general approximation 
of the actual curves of expansion to the hyperbolic curves. The weights 



> See Mr. W. Tnglis* paper on Coriiss valve-gear, fai the I^itmliMgs ^th /MHUKtitn ^MtdUanai 

Engineers, 1868; page 177. 

' The multiplier, 6.96, is given by Mr. liopkinson. 
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of steam cut off, and expanded when the piston reaches 90 per cent of 
the stroke, are: — 

Cutoff 2.34 lbs., 2.13 lbs., 1.34 lbs., 1. 14 lbs. 

Expanded a.48 „ 3.00 „ 1.54 „ 1.54 „ 

Excess weight expanded 67, 67« 157, 357. 

The average effective mean pressures for the four diagrams is 1674 lbs. 
per square inch, and (16.74 Ib&x 1963.5 square inches of piston x 7 feet 
strokex2X30 turns per minute) -S- 33,000=418.3 indicator horse-power for 

one cylinder. The net steam 
consumed per hour, deduct- 
incj the small fractions de- 
tained by compression, aver- 
aged from the four diagrams, 
is 6070 pounds per hour, as 
cut-off, or 6705 pounds per 
hour, as expanded; or 14,51 
pounds and 16.03 pounds 
per indicator horse- power. 
The actual quantity con- 
sumed has already been cal- 
culated as 17.4 pounds per 
horse- power. The excess 
of this over Uie initial quan- 
tity, 14.51 pounds, is 2.89 
pounds, which is 20 per cent 
over, and may be taken as 
the quantity of steam con- 
densed during admission to 
the cylinder. 

Mr. Hopkinson^ records 
die results of trials con- 
ducted by Mr. George Salt, 
on the comparative results 
of performance when steam was in the jackets, and when it was shut off, 
in one pair of Corliss cylinders. The quantities of coal and of water 
consumed were respectively as 6 to 7, in the two cases, showing an economy 
of one-seventh or 143 per cent, by employing the steam-jacket The 
steam used in the jackets amounted to one-thirtieth, or 3.33 per cent of 
die total used. 

A single -cylinder condensing Inutm ct!<:::ini- of 100 horse- power, at the 
factory of Messrs. Haussmann, Jordan, Hirn & Co., Loc^clbach, has been 
the subject of many tests with the use of superheated steam. The 
cylinder is 23^^ inches in diameter, with a stroke of 67 inches. It is 
not steam-jacketed. It is laj^fged with 2-inch oak in strips, inclosing an 

' The Induator and the Steam Engine^ 1875; page 213. 



lit 

«I-T 




Cut off at ao per cent Mid 13 per ocoL 
Figs. 335.— Coriiss Cylinden, SaUuire. 
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interspace inches wide. It is fitted with four valves — two for ad- 
mission, and two for exhaust — and short passages, making a total clearance 
measured by i per cent of the stroke, at each end of the cylinder, for 
admission. 

A course of eight trials of this engine, during eight days, in 1873 and 
1S75, was conihicted by M. G. A. Hirn, and made by MM. Dwclsluiuver5;- 
Der)-, W. Grosscteste, and O. Hallauer.^ The steam was [generated at 
50 lbs. cft'cctive pressure, and was, for the purpose of tlie trials, not only 
used superheated, but also used in die ordinary saturated condition. The 
conditions of the first and second trials differ from the others in tbh, 
that, after those were made^ and before these were mad^ the cylinders 
were renewed, with enlaiged exhaust-ports and exhaust lead, the effect 
of u hich was a comparative economy of 9 per cent. The Icadinq^ results 
of these trials are given in the table No. 115, which ha.s, for the most 
part, been calculated on the same lines as previous tables. The actual 
ratio of expansion, line 5, is calculated to the end of the stroke. In the 
calculation of the weight of sensible steam cut off, line 10^ the steam is, in 
each instance, taken as saturated, for though it has been superheated in 
several instances, the state of saturation at the point of cut-off is proved by 
the major weights of steam consumed from the boiler, line 20, except only 
in one instance, No. 4, in which the indicated weight of steam cut off, taken 
as saturateti, was sli'^htlv in excess of the weight of steam consumed from 
the boiler. In this case, tlierc is evidence of a slight degree of superheat at 
the point of cut-off The weight of tiie expanded steam, line 1 1, has also 
been reckoned for a state of saturation. The calculation of work by ex- 
pansion, lines 14, 15, 16, and 17, has been made in the same manner as in 
previous cases already explained. In selecting the total weights of 
steam per stroke, in evidence by the indicator, lines 18 and 19, the maxi- 
mum weight in each instance is selected and entered in the table, in line 
18 or line 19, according as the initial weight, line 10, or the weight of 
the expanded steam, line 1 1, plus the weight of steam condensed in expan- 
sion, was the greater. The whole of the water consumed from the boiler, 
line 20, is reckoned as steam, as it was ascertained that priming, if it did 
exist, was but trifling. No deduction has been made by the experimental- 
ists for exhaust-steam compressed and retained in the cylinder, but it is 
said to be trifling in proportion to the total quantity of steam consumed. 
There are no means given in the report for calculating the weight of 
steam thus retained, e.vcept for trial No. 8, when steam of 15 lbs. absolute 
pressure was exhausted into the atmosphere, and was sAmt in for compres- 
sion at per cent of the stroke. It has been calculated to be .0501 pound 
in weight, for one stroke, and in order to approach as nearly as may be 
to accuracy, this weight has been deducted from the calculated gross 
V eight, delivered into the cylinder, leaving the balance consumed, .6544 lb., 
as entered for No. 8. 

^ Builam de la SceiM IndHstrklU «k Mmlhouu^ 1877; page 144- 
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Table No. 115. — M. Hirn's Condensing Engine: Superheated Steam. 

Performance of the Engine. 

Steam in boikn, 65 lbs. atPoagiB absolute p wui e; 998* F. teaiperatitve. 



1. No. of trial 

2. ConditioD of steam . 



3. Dc'^ees of superheat. Fan. 

4. I'cruni of .mi mission... */o 

5. .Xctual i-tii) of ex- ) ^^.^^ 
p.nisiiin . y 

6. Total m.aximura pres- 
sure in cylinder 

J. Total initial pKiniie 
for expansion 

8. Total final preasore.. 

9. Ratio of prcssuraa....Tauo 



lbs. 



10. Weight of sensible j 
ste.itn cut off. ) ' 

11. Do. do. expanded. .. . ,, 

12. DilTeienoeofNos. 10 
and 11 

13. I>o. per cent off 01 
No. If i 

I. J. Tdtal work by ex- ) heat 
pansion \ units 

15. Of which there is 
constituent heat ofi 
steam freed bj t> 



16. And heat of steam 

cniiilt nsed for work 
by f xji.msion 

17. \VeiL;ht of steam so 
condensed 

18. Total weight of steam 
per stroke, in evidence 
by indicator, sum of 
Nos. 1 1 and 17 

19. Do. do. .as in No. lO. 

20. Water a.s steam from 
boiler consumed per 
stroke 

21. Difference of Nos. 
(t8 and 19) and 10... 

22. Do. per cent of 
No. 20 



lb. 



u 

7. 



lbs. 



23. Effective mean pressurclbs. 

24. Turns per minute.. ...turns 

25. Speed of piston per ) , 
minute ) 

26. Indicator horse-power. 

27. Calculated water as " 
steam (Nos. 18 & 19) 
consumed per H.P. 
per hour 

28. Water as steam act- 
ually consumed from 
the boiler per H.T. 
per hour 

29. Difference of Nos. / „ 



I. 

sujier- 
heated 

25.7 


2. 
satu- 
rated 

25.7 


3- 
super- 
heated 
121" 
21.4 


4. 

supcr- 
* 

heateil 
45-4 


5- 
super- 
heated 


6. 
satu- 
rated 


7- 
super- 
heated 

130 
454 


1 . 
8. 

Niipheal'd 
tno< c<>o- 

•30 
28.7 


3-75 


3-75 


4-S« 


2.18 


5.84 


5.84 


2.18 


3-*o 






67 sit 
0J.Z0 


Ail 

04.79 




01.51 


37.32 


39. SI 


60.35 


53.70 


58.88 


32.79 


55.64 


5451 


24.82 


48.81 


4-54 


13.60 

3-95 


IQ.98 
5.36 


11.96 
2.74 


8.43 
6.60 


8.16 
6.68 


9.18 
2.70 


15.71 

3^»i 


6318 


.5670 


.5817 


.6320 


.37a* 


.3656 


-4874 


.5788 


•5949 


At rA 
.0150 


.4020 


.5402 


.3883 


•3764 


.4203 


•6575 


-.0369 


+ .0486 


-.0997 


-.0918 


■(■.0161 


+ .0108 


-.0671 


+ .0787 


-6.2 


+ 7.89 


-20.68 


- 17.CO 


+4.15 


+ 2.88 


- 15-97 


+ 11.97 


66.08 




63.16 


36.96 


57.24 


54.80 


28.88 


58.00 


16.50 


«4.47 


16.69 




ia.li 




7.55 


12.82 


An tH 


aH He 
40.05 


40.47 


26.59 


45- '3 


43.90 


21.33 


AC iS 

45.15 


.0511 


.0505 


.0476 


•0273 


■0459 


.0438 


.0217 


.0470 


.6460 


.6661 


.5296 


•5475 


.4342 


.4202 


.4420 


.6544 






.5817 


.6320 






.4874 




6-7C8 




•5°45 




•4939 


• 5000 


•4994 


•0575 


•f.0298 


+.1568 


+.0028 


-xttcS 


+ .OS97 


■f .1606 


+ .0120 


+.0031 


+4.4 


+•19.1 


+ .50 


-1.7 


+ 12. 1 


+ 27.6 


+ 2.4 


+.47 


26.71 
30- « 7 


24.94 

30.55 


25.29 
29.97 


2332 
30.31 


21.06 
29.98 


19-79 
30.41 


18.44 
30.13 


14-77 
30.00 


336.7 


340.9 


334.5 


3383 


3.U-6 


339-4 


336.3 


334-8 


142.4 


134.6 


>33-9 


•23.5 


III. 6 


106,3 


98.1 


77.2 


16.42 


18.14 


15.62 


18.61 


14.20 


14.42 


17.96 


30.50 


17.18 


22.41 


15-69 


18.33 


16.16 


19-93 


1 8. 40 


30.65 


+4-4 


4- 19-1 


+ .50 




+ 12.1 


•f27.6 


+ 2.4 


+.47 
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Correcting, for comparison, Nos. i and 2, by 9 per cent, for the reason 
already given, the corrected actual quantities of water consumed per horse- 
power per hour, line 29, are 15.63 lbs. and 20.39 lbs. The comparative 
results of greatest efficient are, then, as follows: — 





Fahr. 


Ciit.oa: 




Water per Hone 
power per Hw. 


No. I (corrected), superheated ... 


...150* 


25.7 % 


3-75 


15.63 lbs. 


No. 3 do. 




21.4 


4-51 


15 69 .f 


Na 5 do. 


... 8s 


16.3 


5-84 


16.16 „ 






• aS.7 


3-75 


ao.39 „ 








S.84 


19-93 » 



It appears that the economy effected by superheating the steam to the 

extent of 150° F., comparin;^^ \os. i and 2, is 23 per cent, and that in 
superheating 85 , comparin<^ Nos. 5 and 6, it is 20 per cent. The greater 
economy is effected with the greater degree of superheat conjointly with 
the lower ratio of expansion. The evidence points to the conclusion that 
the expansion-ratio 4.5, vrhen the steam is cut off at about one-fifUi, is 
conducive to the maximum of ec<Miomy, for superheated steam. For 
saturated steam all that can be inferred is that, in round numbers, the 
ratios 4 and 6 are nearly equal in economical results, and that some inter- 
mediate ratio is the most effective for economy; also that from 4 pounds to 
5 pounds more of saturated than of superheated steam is consumed per 
indicator horse-power per hour. 

The comparative gain by the use of the condenser in the use of super- 
heated steam, as against the exhaustion of the steam into the atmosphere^ 
in Na 8 trial, is represented by the steam consumed per horse-power in 
No. I trial corrected, which is the nearest example for comparisoQ. For 
No. I, 15.63 pounds of steam arc consumed per honse-power. being only 
one-half of die steam, 30.65 lbs., consumed, without condensation, in No. 8 
trial. The difference is deducible in another way, on considering that as 
the effective mean pressure, in No. 8, is 14.77 lbs. (line 23), it would be 
just doubled by the addition of one atmosphere of pressure or 14.7 lbs. per 
square inch. 

The steam actually consumed has been fairly well brought into evidence 
by the indicator, in the cases of superheated steam, as shown by the small 
percentages of deficiency in line 22; except in the instance of No. 5, 
cutting off at 16.3 per cent, or one-sixth, having the highest ratio of 
expansion, 5.84, in which the indicator fails by 12.1 per cent to account for 
the whole of the steam. In this instance^ the superheat has been carried to 
the minimum extent, whereas for a minimum admission and relatively great 
expansion the superiieat should have been relatively a maximum in order 
to prevent internal condensation. Accordingly, in the instances of satu^ 
rated steam without superheat, No. 2 and No. 6, the differences or 
deficiencies of steam brought into evidence by the indicator, line 22, 
amounted to 19.1 per cent and 27.6 per cent respectively, cutting off at 
one-fourth and one-sixth. 
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Here it is apparent that, generall}-, as the extent of primary su^^er- 
heating is reduced, the defidenqr, or steam not accounted for throt^h the 
indicator, is augmented; and when saturated steam is used, it rises to a 
maximum. The existence of such a relation is inexplicable, except on the 
supposition that there was considerable loss of heat by external radiation 
or conduction ftorn the cylinder, occasioned by insufficient covering; in 
combination with a comparatively limited speed of piston, of about 336 feet 
per minute for 50 revolutions per minute. 

The ratios of the pressures, initial and final, of expansion are, in die 
instances of superheated steam, excepting No. 8, materially greater than 
the expansion^^ratios. That is, the pressures fall more rapidlj- than the 
steam expands, or in a ratio more nearly adiabatic than hyperbolic. This 
comparativch' rapid fall of pressure is in harmony with the behaviour of 
superheated steam in expansion already noticed, page 495. In the case 
of No. 8, in which the steam is exhausted into the atmosphere, the 
average temperature of the cylinder must be higher than in the cases in 
which the steam is condensed, and possibly the comparatively less rapid 
fall of pressure in expansion, for No. 8, is due to that fact. 

S!H{^/v-cvIifi<fi'r Beam Engines, Condensing. — Mr. J<ihn G. Mair has 
made a number of exact tests for efficiency, the results of which are 
given in table No. 116. Two of these results, A and K, are derived 

from Mr. Mair's unique paper 
on "The Independent Testing 
of Steam Engines."^ The others 
are described in Mr. Mair's second 
paper. The indicator diagrams, 
fi^^s. 236, are illustrative of the 
tests A and K. They arc the 
averages of each series of dia- 
grams taken for the tests. Trial 
A was made with a single* 
qrlinder beam rotative engine, 
made by Simpson & Co., work- 
ing a deep well and a high-lift 
pump. The c) linder is 45 inches 
in diameter, with a stroke of 5^ 
feet, and is thoroughly steam - 
jacketed. The steam is distributed 
by separate slides at the top and 
bottom of the cylinder with adjust- 
able expansion-plates, worked by 



to 




Cornish Encine. K. 
Figs. a36.— Mr. .M.ui's Test Trial*. 



eccentrics, 
result 



Three trials were made with the engine giving the same 



' "Tlic Independent Tcstinfj of Steam Entwines, and the Measurement of HcKt osed,'* uul 
"The Results of some Independent Lngine-tesls," in the MinuUs of fiveeedii^ ^ tke Itislilutim «f 
CM £tigimmi, voL bo. 1881-a, page 313; voL litxix. 1884-5, P^ge 3>3> 
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Trials L, M, were made with a single-cylinder beam rotative engine, 
having a 32-inch cylinder with a 5 >^ -feet stroke. The walls and base of 
the cylinder are steam-jacketed direct from the boiler, and the distribution 
is effected by main and expansion slides at the top and the bottom, worked 
by excentrics. The cut-off is adjustable by hand. Trials N, O, were also 
made with a single-cylinder beam rotative engine, similar to the engines 
for the trials L, M, and supplied with steam from the same group of boilers; 
having a 27-inch cylinder witli a 6-feet stroke. 

Trial K was made with a single-acting beam Cornish engine, working a 
single-acting piston-pump, constructed by Harvey & Co. The cylinder 
is 68^ inches in diameter, with a stroke of 8 feet, and is steam-jacketed 
at the sides only. It has the usual steam, equilibrium, and exhaust valves. 
The total clearance space has been estimated at 3^ per cent for the 
purpose of calculating the expansion ratio. 

The results of the tests of the above-noted engines, in table No. 1 16, 
are arranged in tlie order of the expansion -ratios. In trial O, the 
expansion-plates were set to cut off at half-stroke, and the steam had 
therefore to be wiredrawn. 

Table No. xx6. — Results of Tests of Single-cyunder Stbau Engines. 

Mr. J. G. Mair. 1883. 



Engine, 

and 
Mo. or 
Dm. 



A 

L 

M 

N 

O 

K(Cor. 



Dia- 



inches. 
45 
3a 

3a 
27 

a? 
68X 



Stroke. 



66 
66 

66 

72 

72 
96 



Thorough. 
Vertical 



&4 
.S.S 

^ 1 

V 

as 



lb*. 

33 



42 
41.1 



case. 
Steam 
shut oC 

case. \ 
Vcttical ) 

case, 
Vertlaa , , ^ 



i , 44-6 

||3..5 



•58 

'c g 
£2 



p. cent. 
13.2 
21.8 

24.6 

Sao 
50.0 
50.0 



1^ 



fatia 
6.85 

4.33 
3.84 



is* 

.1 1 
S.1 



Ifae. 
55.5 

54-5 



3.16 55-45 
I.9S 53-6 
«-93| 3» 



3? 



Ibe. 

33 

45-93 
45.68 

44-45 

33-6 



Taros 

per 
Minute. 



10 



tiuns. 
14.62 

ao.31 
20.26 
20.00 

20.00 

12.8 
(strokes) 



XI 



feet 
160.8 

223.4 

222.9 

240 

240 



o 



H.P. 
101.79 

»23.36 
123.6 
119.5 
122.4 



j20I.T 146.0 



2 2= 

13 



pounds. 
22.06 

22.06 

26.46 

21.3 

23.6 

24.15 



1^. 



pounds. 
22.94 

22.28 
26.72 
21.51 

23.84 
24.87 



The proportion of the diameter and the stroke to each other, appears 
to influence the efficiency of ihese engines to some extent Engines 
L and N, both jacketed at the sides only, contrast in this respect; N 

ha\ inf^ the longer stroke proportionally, consuming less steam than L. 

The advantage of thorough jacketing against partial jacketing is shown 
by A engine, which, thouj^h less favourably proportioned, with lower pres- 
sures, and cutting off too early for the greatest efficiency, consumes just 
the same weight of steam as engine L. The advantage of the steam 
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jacket against the steamless jacket is shown by L and M tests of the same 
engine, in which 20 per cent more steam was used when there was no steam 
in the jacket 



Chapter IX.— PRACTICE OF EXPANSIVE WORKING IN 
COMPOUND-CYLINDER STEAM ENGINES. 

Compoinid Wool/ Beam Engine, Condensing. — The factory engine of 
Bryan Donkin & Co., London, is a Woolf encfine, of which the first 
cyhnder is 13^^ inches in diameter, with a stroke of 3 feet 3^^ inches; 
and tile second ^linder is 24 inches by feet The net capacities 
of the cylinders are 3.1 16 cubic feet, and 14.137 cubic feet respectively; 
and their ratio is 4.537. The total clearance of the first is 10 per cent; 
and that of the second is 3.77 per cent at the top, and 4.S per cent 
at the bottom. The intermediate space between the cylinders, from the 
exhaust of the first to the piston of the second, is 1.463 cubic feet, or 10.33 
per cent of the capacity of the second cylinder at the top and 1.609 
cubic feet, or 11.36 per cent at the bottom. Each cylinder is worked with 
a slide-valve, cutting off at seven-eighths of the stroke; and the iirst 
qrlinder is fitted with an expansion valve in addition, to cut off at any 
earlier point of the stroke. Both qrlinders are steam-jacketed at the sides 
and the bottoms; but riot at the upper ends. The steam from the boiler 




Figs. 338. — Indicator Di.itrrams: Steam not in Jacket!. 
B. Donkia & Co.'s Factory Woolf Engine. 



for the working' of the engine is conducted directly to the bottoms of the 
cylinders, from which it passes upwards within the jacket inclosinj^ the 
two cylinders, to the upper part, whence it passes to the valve-chest of the 
first cylinder. 
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During a lo-houis trial of this engine, with steam in the jackets, made 
by W. R Farey and Biyan Donldn, junr., the pressure in the boiler was 
40 lbs. per square inch. The indicator diagrams^ figs. 237, were taken from 

the cylinders in the course of the trial, when the engine made 32.48 turns, 
or 213 feet of the first piston per minute. The steam was cut off in the first 
cylinder, at 38 per cent at the top, and 31 per cent at the bottom. The 
exhaust-steam of the first cylinder was shut in for compression during 5 per 
cent of the retum>stroke at die top, and lo per cent at the bottom. The 
actual ratios of expansi<m in the fust qrlinder were 2.291 for die top, and 
2.6S2 for the bottom. 

The same VVoolf engine was tried when the steam w shut off from the 
jackets. The indicator diagrams, figs. 238, were taken during^ the trial, 
showing that the steam was cut off at 28 per cent at the top, and 23 
per cent at the bottom. The actual ratios of expansion in the first cylinder 
were 2.893 for die top, and 3.436 for the bottom. 

The intermediate expansion-ratios^ supposuig the intermediate space to 
be vacuous, would have been 1470 for the top of the first qrlinder, and 
1437 for the bottom. But, as before stated, these ratios should be corrected 
in consideration of the residual steam left in the intermediate space, after 
it is cut off from the second cylinder. For this and other determinations, 
the following absolute pressures of steam are given. The final pressures 
are taken as for the ends of the stroke, and are determined by the tensions 
of the expansion-curves: — 



Absoluts Prsssurss or Stsam. 


I. Steam in Jackets. 


IL Steam not in Jackets. 


In I St cylinder when exhausted ) 

For compression in xst qrlinder... 
Da da insd do. 


tOfk bottom. 

5a3 lbs. ... 51 lbs. 
21 „ ... 19.75 „ 

^3*5 »i •••12 „ 

11 ff ... II „ 
4*7 » ••• 5*' »» 

top^ bottom. 

8 ff ... 7 »» 
.a ff ... 8.7 n 


top. bottom. 

47 lbs. ... 50.2 lbs. 
17 „ ... 17.2 „ 

9.75 „ ... 8 „ 
bottiMi. top. 
4-3 n ••• 5*4 »» 

3-5 >» — 3-2 » 

lop. bottom. 

4.2 „ ... 6 „ 
3 » ••• »» 



When steam is in the jackets, the steam in the first cylinder, at the top, is 
expanded from 13^ lbs. to 4.7 lbs. when cut off from the second cylinder; 
and, conversely, it is compressed from 4.7 lbs. to i3j^ lbs. by the succeed- 
ing discharge of steam from the first qrlinder into the intermediate space. 
This space, 1.609 cubic feet in volume^ is occupied by that remnant of 

steam, when thus compressed, to the extent of ^1.609 ^^35"^ -555 cubic 

foot, and the difference, (1.609— .555 =) 1.054 cubic feet, is the volume 
of the intermediate space actually occupied by the newly exhausted steam 
from the first cyUnder, and is the measure of the intermediate expansion. 
The volume of die first cylinder plus clearance at the top, is 3426 cubic feet; 
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and the actual intermediate expansion, from 3426 to (3^6+ 1.054a) 
4.480 cubic feet, is only in the ratio i to 1.308, and not i to 1.470, the 
nominal ratio. The volume, 4.4S0 cubic feet, is the initial volume for 
expansion from the bottom of the second cylinder. Similarl\', for the 
bottom of the first cylinder, the intermediate steam expanded from 12 lbs. 
to 5.2 lbs., is compressed, conversely, from 5.2 lbs. to 12 lbs., occupy* 

ing ^^'4^S^^=^ 761 cubic foot, and leaving (1463— .761=) .702 cubic 

foot of intermediate space for fresh exhaust-steam from the first cylinder. 
Addinj^ this to the i^ross volume of the first cylinder, 3.426 cubic feet, 
the ratio of this volume to the intermediately expanded volume, (3426 
+.702 = ) 4.128, is as 1 to 1.205, instead of 1.427 the nominal ratio. This 
volume, 3.426 cuImc feet; is the initial volume for expansion for the top of 
the second cylinder. 

Again, the final expanded volume in the second cylinder, including the 
clearance of the first cylinder, is (14137+1.919 = ) 16.056 cubic feet for the 
bottom; and (14. 1374- 1-773 = ) 1 5.910 cubic feet for the top; and the actual 
expansion-ratios are as 44S0 to 16.056, or as i to 3.5S4 for the bottom; and 
as 4128 to 15.910, or as I to 3.854 for the top of the second cyhnder. 

Adjusting the intermediate ratios similarly for the steamless jackets, 
the volume of intermediate space (c^ the steam discharged from the first 
cylinder is 1.032 cubic feet for the top, and .965 cubic foot for the bottom of 
the first cylinder. These volumes, added to the volume of the first cylinder, 
3.426 cubic feet, make the initial volumes for expansion into the second 
cylinder, 4458 cubic feet at the bottom, and 4.391 cubic feet at tlie top. 
The ratios of intermediate expansion arc, correspondingly as 3426 to 4458, 
or as I to 1. 301 ; and as 3.426 to 4391, or as 1 to 1.282. 

The actual ratios of expansion into die second qrlinder are as 445 8 to 
16.056, or as I to 3.602 for the bottom; and as 4.391 to 15.910^ or as i to 
3.623 for the top. 

The expansion-ratios are brought together, thus: — 





L Stcun ia Jadcet*. 


II. Steam not ia Jackets. 


Actual ratio of expansion (i) ist cylinder .. 
Do. do. (2) intermediate. 
Do. da (3) ad qrlioder .. 

Net do. (I) and (3) 

Ratio of initial and final pmnia 1^ 

expansion: — 

Net or working ratio (1) and (3) 


top 2.291 bot'm 2.682 
1.308 „ 1.205 
bot'm 3.584 top 3.854 

10.735 ia.450 
8.21 1 10.340 

11.592 

top 2.400 bot'm 2.590 
„ 1.910 „ 1.791 
501*012.340 top 3.116 

K^73» 9-8'5 
5.016 5.480 

5-548 


top 2.893 bot'm 3.4-56 
„ I.3OI „ 1.2^2 

bofa3.«<» top. 3.623 

13.556 15.911 
ia4ao ia.4ia 

14734 
11416 

top 2.765 bot'm 2.920 

... 3-953 » 3*85 
bot'taii.a30 top 1.690 

13.440 15.720 
3.401 4-935 
14.580 
4.168 
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The disposal of the steam under the two conditions of steam-jacketii^ 
and n(m-steam-jacketing,'is developed at length in the following statement: — 



I. Sensible stcma cat oS, ist 

cvjimifir 

s. Dob d(k expanded, do. do. 



DiflcFence 

Da pereeatofNo.2 

Mean 

3. Sensible initial steam for | 
expansion into 2d cyliader.. \ 

4. Sensible steam expanded ) 
into 2d cylinder ) 

Difference of Nos. 3 and 4.. 
Do. per cent of Na 4 

Mean. 

DifleienceoTNos. tand4.. 

Do. ]H:r cent of No. 4 
Mean. 

5. Mean units of work -heat 
per stroke by expansion 

6. Of which are provided by 
frccti constituent heat 

7. And b)' condensadOB of 
expanding steam 

S. Weight of Steam thus con. 
denaed..... 

9. To be added to the mean 

sensible cxji.intled steam 

to. Total steam in cviilence — " 
sum of Nos. 8 and 9, the 
weights of condensed steam 
in both cylinders beingadded 
for the 2d ^iinder 

11. Deduct compressed steam ... 

12. Net steam, in e\Hdcnce, ) 
consumed per stroke \ 

13. LlTectivc mean pfcmucper | 
smi.irc inch \ 

14. Turns per minute 



I. Steam ia Jackets. 



15. Speed of piston, in feet per | 
ninnte { 



16. Indicator horse-power 

17. Combined do. do 

18. N\ t ^team, in evidence, con- 
sumed per hour in cylinders 

19. Do. doi. dOb per LH.P.. 



IncKeator hoiw* 



30. Aveiace 

power lor the whole period 
of the trial, lasting 10 hours, 
Sjx-cil .Ts .ihove st.ited 

21. \\ ater as steam consumeil 
from the boiler, per hour. ... 

22. Do. do. do., perH.P. . 

23. Of which there w.as con- 
densed in the jacket per H. P. 

24. And consumed within the 
cylinders per II. P 



top .1808 Ibb ba^.1563 lb. 
If .1819 I* ''Tifi 



.0011 .0153 
a6o7„ 8.90/: 
4.757, 

bot'm . ia9S lb. top .1193 lb, 



.2087 



.2275 



.0792 . 1082 

3'-9S7, .,.47.567. 

.0870 .07121b. 
13.37*/. „,3i-3o7. 

22.337. 



tstCyliadir. 
15.07 muls 

S.83 

12.24 

.0129 lb. 
.1768 

.1897 M 

,0109 „ 
.1788 „ 



•dC^Vadtf. 

18.7a imiti 

10.36 ,, 

.0164 lb. 
.2181 „ 

>2474 II 

^6 ,. 
.2408 „ 



3a35 lbs, 4.76 lb*. 

38.48 38.48 

313 feet 898 feet 

87.53 H.P. 19.09 H.P. 
46.62 H.P. 



697 lb*. 
t4'95 »t 



946 lbs. 
8a30 n 



46.8I H.P. 

1040.4 lbs. 
22.32 „ 
3.82 „ 

18.50 „ 



II. Steam BOt ia Jackela. 



top .1342 lb. bot'm. 1176 lb. 
*> .1490 Pi -1507 



.0148 .0331 

to'U 20.917. 

»S.467. 

bo^m .0539 lb. top .0650 lb. 
I. .'573 .. '432 



.1034 .07S2 

65.737. ^ ..S4.«»V. 
60.17/ 

.0231 lb. * .0356 lb. 
14.687. . «7.9o7. 
16.897. 



ut Cyltwkr. 
13.86 imits 

a.7« » 

ii.iS „ 

.0116 lb. 
.1499 „ 

.t6i5 „ 



8wl8l 



.74 

7.44 .. 
.0073 lb. 
.1502 „ 

.1691 „ 



.0050 „ 
.1641 I* 



.0068 ,1 
•1547 »• 
26.35 11*> >.465 lbs. 

38.08 38.08 

810 feet 888 feet 

23.56 H.P. 5.79 H.P. 
89.35 H.P. 

594.4 tbs. 630 lbs. 

21.40 „ 81.48 „ 

^7.78 H.P. 

909.4 lbs. 
3a-7« 

32.72 lbs. 



The inequalities of the periods of admission for the top and bottom 
of the first cylinder, and as for steam-jacketing and non-jacketing, coio* 
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plicate the work of comparison. But the influence of tiie steam-jacket 
is obviously very considerable in minimizing the altemate condensation and 
re-evaporation of steam in the first cylinder, the mean difTerence of the 
initial anti final weights of expanded steam, when jacketed, being 4,75 per 
cent, against 15.40 per cent not jacketed. The excess difference in the 
second case arises, no doubt, in part, from the shorter periods of admission, 
a mean of 25 per cent against 35 per cent when jacketed. The same 
preponderance prevails in the second cylinder, wherein the mean difference 
of weights of sensible steam, initial and final, is 42.76 per cent of the final 
weight, for steam-jacketing, and 60. 17 per cent without steam-jacketing. 
Tiie.se unusually large percentages, indicative of much condensation and 
re-evaporation, are due partly to the vastly increased cooling surface of 
cylinders, compared with the first cylinder alone, presented by the fact of 
the second expansion taking place in two flinders plus the intermediate 
space; partly to the special proportions of the ^Unders, of which the 
strokes are three times and more than twice die diameters r^;»ectively — 
by which the cooling surface is still further augmented, as compared with 
cylinders of more ordinary proportions ; and partly to the very low speeds 
of the pistons. These circumstances, at the same time, serve to e-xplain the 
unusual economy effected by tlie employment of the jacket, which has the 
effect of reducing the gross consumfMion of steam from the boiler by mie- 
third, or from 32.72 lbs. to 22.32 lbs. per indicator horse-power per hour 
(line 22). But this has not been done without a huge consumption of steam 
in the jacket, being 3.82 lb& per indicator horse-power per hour (line 23), or 
20.5 per cent of the steam consumed in the cj'linders, by which the con- 
sumption is augmented from 18.50 lbs., used in the cylinders, to 22.32 lbs. 

The action of the jacket in saving the steam from extinction in the 
second cylinder is made apparent by the comparative initial weights, line 3, 
which, though very much less in both cases' than the final sensible weights 
in the first cylinder, are less reduced with steam in the jacket than without 
it They average 70 per cent and 40 per cent respectively of the final 
sensible weights in the first cylinder. 

This sudden fall is but an episode in the course of the expansion, for, 
practically, the expansion that takes place in the second cylinder is continuous 
with tliat in the first cylinder, the two cylinders being in direct communi> 
cation with each other during the expan^on in the second q^linder. The 
expansion in the two flinders taken together is practically one operation. 
The range and fall of temperature in Ae first cylinder is, of course^ greater 
than it would be if it were entirely separated from the second tyllnder; and 
the resuscitation of steam that takes place during expansion in the second 
cylinder is supported in part by tlie reconversion into steam of condensation- 
water in the first cylinder. 

The net steam brought into evidence by the indicator diagram, as 
consumed, is 2a30 lbs. per horse-power per hour, with steam in the jacket 
(line 19). This is exclusive the steam used in the jacket^ and it is In excess 
of the quantity of steam used from the boiler, averaged for the whole period 
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of the trial, which is 18.50 lbs. per horse-power per hour. Such apparent 
access is that of a special result over an average result; and may have arisen 
from the diagram not having happened to be an exactly average diagram. 

The pressures by expansion in the first cylinder fall approximately 
in the inverse ratios of the expansions; but in the second cylinder there is 
no approximation to the hy perbolic ratio of the pressures. 

A special scries of comparative trials of the factory engine was made, 
for the purpose of determining the relative economy of different ratios of 
expansion:— 

Ratb of expansion^ 18 9 4 

Pressure in die boOer 40 lbs. 40 lbs 15 lbs. 

Indicator horse-power. 39>^3 49*zs 39*<^4 



There is nothing here to show that one ratio of expansion is better 
than another. The only deduction that can be made is that an expansion- 
ratio of 9 is at least as good as any other. 

In another series of trials for the same object, with a Woolf engine 
of a smaller saz^ die rate of expansion was the same witii steam and 
without steam in the jacket; namely 9^ widi 45 lbs. steam in the boiler. 
The quantities of water consumed were respectively 24^ lbs. and 39^^ lbs. 
per indicator horse-power. 

Two other compound engines, constructed by the same firm, alike in 
all respects, were tested with 40-lb. steam, expanding four times: one 
with steam in tlie jacket, and indicating 140 horse-power, the other with- 
out steam in the jacket; and indicating 90 hocse-power. With steam 
in the jacket^ from 23 to 25 per cent less steam was consumed per horse- 
power.- 

A horizontal tandein compound condensing engine, constructed by Messrs. 
Biyan Donkin & Co., and erected at the Hele Paper Works, Cullompton, 
Devon, was tested October 11, 1871.' 

The cylinders, fig. 239, measured when hot, were iC'Vja inches and 
3oV,6 inches in diameter, with a stroke of 3 feet The net capadties of 
the cylinders are 4458 cubic feet, and 14.826 cubic feet; having the ratio 
3.33. The total clearance of tiie first cylinder is .357 cubic foot; or 8 per cent 
of the net capacity ; and the intermediate spac^ including the clearance of 
the second cylinder, is 1.705 cubic feet, ox \ percent of the net capacity. 
The first cylinder is placed nearest to the crank-.^haft, the second cylinder 
being behind it, in line. They arc worked with a slide-valve to each, the 
t\vo valves being worked by one rod and excentric, and cutting off at seven- 
eighths, or 87.5 per cent of the stroke^ A variable expansion-valve is 
placed on the ba^k of tiie slide-valve of tiie first cylinder. The second 

'These ratios of esponrion are stated joat a$ they were given to Hie andiorj he cannot ei^tate 

how they were calculated. 

^Engineering, June 5, 1874; page 409. 

' See Engimaingf November 3, 1S71, which contains a detailed report of die trial. 

voui. at 




27.61 lbs. 
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^linder only is jacketed — on tiie cylindrical surfaces only — the steam 
for the supply of the engine being led through the jacket, and delivered 

thence to the valve-chest of the first 

cylinder. The condensation-water 
af the Jacket is drained off through 
a trap. 

The trial lasted for ten hours 
continuously. Sample indicator dia- 
grams are given in figs. 240, page 532. 
The pressure in the boiler averaged 
53 lbs. net per square inch; the speed 
averaged 46. 5 I turns per minute, or 
279 feet of piston. The steam was 
cut off in the first cylinder at 1 2 ^ 
per cent for the top or crank end, 
and 14 per cent for the other end, 
making, with clearance included, the 
initial volumes for expansion, .9139 
cubic foot, and .9808 cubic foot 
The total pressure at the cut-off is 
5 1.5 lbs. per square inch, at each end, 
and the final pressure, at the end of 
the stroke, is 10 lbs. at each end» 
from which it falls to 7 lbs. and Syi 
lbs. initial pressures in the second 
cylinder, at the bottom and at the 
top, in wliich it expands to 4^2 lbs. 
and 3^4 lbs. respectively, of final 
pressure reckoned for tlie ends of 
the strokes, the final volumes by 
expansion being 4.815 cubic feet 
The actual ratio of expansion in the 
first cylinder is, for the top, 5.269; 
and for the bottom, 4.909. The inter- 
mediate space for expansion is re- 
duced from 1,705 cubic feet to .93S 
cubic foot for the top, and to 1.066 cubic feet for the bottom, by residual 
steam, calculated in the manner already explained, page 525 ; and the 
actual ratio of expansion into the intermediate space is as 4.815 to 
(4.815 +.938 = ) 5.753, or as I to 1.9s for the top; and as 4.815 to 
(4.8 1 5 1.066- ) 5.SS1, or as I to 1. 221 for the bottom. The actual ratio 
of expansion into the second cylinder, reckoned to the end of the stroke, 
is, for each end, as 6.520 to 16.S88 cubic feet (which includes the clearance- 
space of tlic first cylinder), or as i to 2.590. 

The actual expansion>ratios, in the diree consecutive stages, are brought 
together, as follows: — 
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5269 


Iiottoni 


4.909 


, meui 5.0S9 




' »• 


1.195 ... 


t) 


1.221 ... 


„ 1.208 




■ »i 


2.590 ... 


top 


2.590 ... 


- >i 2-590 


Total expansion-ratio 




16.310 ... 




15.530 


15.920 


Net do. do. (i) and (}).. 




13650 ... 




13.720 ... 


13.185 



Ratio of initial and final pressures by expansion: — 

(1) 1st cylinder top 5.150 bottom 5.150 mean 5.150 

(2) intermediate , 1.430 „ 1.177 „ 1.304 

(3) ad qrluidcr botton 1.555 top a.367 „ 1.911 

Total ntio iM$o 13.740 :2.830 

Net or woridog ndo 8.008 ...... 11.680 91843 

The wdgiits of sensible steam for diffeient points of the system are as 
follows: — 



I. Semible steua out off, i«t cylinder. top . 1 129 lb. bottom .1311 lb. xnewi .1170 

a. Do. expuided „ „ .1271 „ „ .1371 „ „ 'U?! h 



Difference of Nos. I and 2 0142 .0060 .0101 

Do. per cent of No. 2 I*-**/. 4-7 /o ^7, 

3. Sensible initial steam, 2d cylinder bot. .1233 top . 1473 lb. mean . 1353 Ibb 

4. Sknable eteam expanded intoadqfiiiider. ,, .2111 „ .1790 „ .1950 

— ■ — ■ — / — 

Diflisieneeof Noe. 3 and4. 0879 .0317 .0597 

Do. per cent of No. 4 4I.67o I7-77> 3°-^'L 

Ditterence of Nos. I and 4 0982 lb. .0579 lb. .0780 lb. 

Do. per cent of No. 4. 4^S*L 3*-3V, ^1, 

nt CyBadtr. «d CyQad«r. 

5. Mean units of work-heat per stroke by expansion '3.85 tmitS. 'S-TS nnHa. 

6. Of which are provided by freed constituent heat 3.48 1.59 „ 

7. And by condensation of expanding steam 10.37 14.16 „ 

S. Wcif^ht of steam thus condensed OIoC lb. .0I40n>. 

9. To be added to the mean sensible expanded Steam 1271 •^9ifi n 

la Total stoun in evidence: som of Nos. 8 and 9^ the weights \ 

of condensed steam in both qrlindeis being added ibr > .1377 „ •3196 », 

the second cylinder I 

ti. Dednct compvMsed steam 0181 „ .0073 „ 

12. Net -^team in evidence, consumed per stroke .I196 „ .2124 

13. Effective mean presstire, per square inch 16.60 „ 4.10 

14. Tarns perninnte 46.5 tons. 46. stains. 

15. .Speed of piston, in fc t permionte 279 ft. 279 ft. 

16. Indicator horse-power 30.03 H. P. 24.67 H. P. 

17. Combined indicator bone-power 54.70 H.P. 

l8w Net steam in evidence, consumed per boor, in cylinders .... 667.4 lbs. 1 1S5 lbs. 

19. Do. do. do. do. perH.P 12.20,, 21.67,, 

2a Effective mean pressure, per square inch, Ibr the wbole ) g 

tiH luting >o boon. Speed as above stated i ' ' ^ " ^' " 

2r. Average indicator power 32.03 H.P. 24.85 H.P. 

22. Combined indicator horse*power 56.88 H.P. 

33. Water as steam consumed from the boiler per hoar 1169.1 Iba. 

24. Do, do. da do. perH.P. 20.55,, 

25. Of which there was condensed in the jacket, per H.P i.79 » 

36. And consnmed within the qrlindeis, per H.P. 18.76,* 

Here is a contrast widi the conditions and the performance of die 
factory engine as steam-jacketed previously discussed The distribution 
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of the expansion between the first and second cylinders is materially 
different taking place mostly in the second cylinder in the factoty engine, 
with its large cooling surface; and mostly in the first cylinder in the Hele 
engine. Whilst the steam, which is expanded in the first cylinder of the 
lit 

at CirtUo', tap. m OrGodo; 






3d Cytinder, bottom. id CyKodar, top. 

Fii;s. 340.— n. Donkin & Co.'s Compound Tasdem Steam En^ne at Hele:— Sample Indicator Dia^mii. 

Hele engine down to 10 lbs. pressure, dropped only 3 lbs. and 2^2 lbs. in 
pressure, in the intermediate space, in the factory engine the steam, u hich 
is expanded down to above 20 lbs. pressure in the first cylinder, drpps 
10 lbs. and 1 1 lbs. in the intermediate space. There is evidence of much 
greater condensation in the intermediate space, including the clearance 
of the second cylinder, in the factory engine, than in the Hele engine; 
since the drop of pressure is much greater in the former than in the latter, 
and in the former is much greater than that which would be due to simple 
enlargement of volume. As the range of expansion in the second cylinder 
of the factory engine is greater than in that of the Hele engine, the initial 
condensation in the former— 42.75 per cent— b greater than In tiie latter^ 
30.6 per cent-^and gives rise naturally to the greater drop of pressure in 
the factoiy engine In die Hele engine^ it is true, there is nearly twice 
as much initial condensation and re-evaporation, — comparing the initial 
steam of the first cylinder with the final steam of the second cylinder, — as 
there is in the factory engine. This arises from the much greater ratio of 
combined working expansion in the former than in the latter — 131S5 
against 9,276. It follows naturally that the Hele engine performed its 
work more economically than the factory engine, as follows:— 

Steam through the cylinders per horse-power, in Factoiy. Ueic 
evidence by sample indicator diagrams 8a30 IIm. a 1.67 lbs. 

Do. do. from the boiler, averaged for the whole 

period of trial: — In cylinders 18.50 18.76 

Condensed h> jadcets 3.82 1.79 

Total 22.32 20.55 

In both cases the steam in the c}'linders brought into evidence by the 
sample indicator diagrams is greater than that actually measured for the 
whole period from the boilers into the cylinders. The ditt'ercncc, as was 
before suggested, may arbe fifom excepticmal ccmditioiis at the thne wbtm 
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the diagrams were taken. But it is remarkable that, whilst the total steam 
consumed per horse-power is less in the Hele engine than in the factcury 
ei^in^ the diiference in favour of the Hele engine arises from the lower 
rate of consumption of stcan^ in the jacket 

It may be noted that the stcain-jacket was applied to both of the 
factory cylinders, and was appUcd only to the second cylinder of the 
Hele engine. The results of performance appear to indicate at first sit^ht 
that the jacket on tiie first cylinder was not necessary for the purpose 
of economy. The indication is seeming only, since, (ot tihe wofk of expan- 
sion, the two qdinders may be taken as one, and the jacketing of the first, 
as of the second, Hele cylinder vrould no doubt have proved of benefit. 

Upon the whole, it appears that the comparatively greater efficiency of 
the Hele engine is not due so much to the greater ratio of expansion 
adopted in it, as to the better proportions of the cylinders, in themselves, 
and as between the first and second cylinders. 

Woo// compounei fotaHve pumping engittes were erected by Messrs. Simp- 
son & Co., at the Lambedi Water-works, Thames Ditton.^ They are on the 
Woolf principle; with a beam, 
and vertical cj^inders at one 
end of the beam, and a pump 
and a crank and fly-wheel at 
the other end. There are four 
such engines, side by side, 
working in pairs on one crank- 
diaft The cylinders are 
steam -jacketed at the sides 
and the covers at the top, but 
not at the bottoms. They 
are worked with a piston- 
valve placed between and 
common to both. The first 
qrlinder is 28 inches in dia- 
meter, widi a stroke of 5 feet 
6^ inches; the second is 46 
inches by 8 feet ; and the net 
capacities are 23.660 and 
92.32S cubic feet, in the ratio 
of I to 3.904. The total clear- 
ance of the first cylinder is 
.644 cubic foot, or 2.72 per 
cent of the stroke; and that 
of the second cylinder is 2.127 
cubic feet, or 2.30 per cent 
of the stroke. The intermediate space is 2.275 cubic feet, traversing the 

I "On Double-cylir.tier rumpini; Ktipnes," by Dftvid ThftlMflni in thf Ptmtfffnp »f 
tution 0/ AJechanuai Eu^tiuen, ib6^; page 259. 
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piston-valv^ and the total space, including cylinder clearances — from piston 
to piston — at the beginning of the stroke, is (2.275 +.644+ 2. 127=) 
cubic feet The initial volume for expansion in the second cylinder is 

(23.66 + 5.046=) 28.706, and the volume of the expanded steam at the end 

of the stroke of the second cylinder is (92.328 + 5.046 = ) 97.374 cubic feet. 

The effective pressure in the boiler was 40 lbs. per square inch. The 
indicator diagrams, figs. 241, were taken whilst the engine was steadily at 
work, making 14 turns per minute. The steam from the boiler is cut off in 
the first cylinder at 43 per cent at die top, and at 25 per cent at the bottom. 

Total pressure, first cylinder: — Cut off: top, 40 lbs.; bottom, 32 lbs. 



Do. da Ei^tanded: „ 18 „ 11.2 

Da second cylinder: — Initial: bottom, t$}i top, 8^7 

Do. da Expanded, w 5 » 3 

Total exhaust pressure for compresnon : — 



First cylinder top, 6 lbs. ; bottom, 3 3/. lbs. 

Second cylinder bottom, i ,, top, 1 „ 

The ratios of expansion in the first cylinder are as 10.817 to (23.66 + 
.644 = ) 24.304 cubic feet for tlie top, or as 1 to 2.247; and as 6.55^ to 
24.304 cubic feet for the bottom, or as i to 3.706. The ratio of inter- 
mediate expansion, adjusted for die presence of residual steam in the 
interspace is as 24.304 to 27.316 cubic feet, or as i to 1.124; and the ratio 
of ocpansion into the 2d ^linder is» for the top and ^e bottom, as 28.706 
to 97.374 cubic feet, or as i to 3.392: — 



Actual ratios nr expansuNli— 





topi 


2.247; 


bot'm, 3.706; 


mean, 2.976 




tt 


I.134 




li «.«*♦ 




bot'o), 


3- 39a 


top, 3.392 


«f 3>39* 






S.566 


14.130 


".348 


Net or working expansion-ratio 




7.623 


I1.SJO 


iao96 


Ratios of initial and final pressures by expansion: — 












tap. 


s.2as; 


bo^m, 3.857; 


mean, 3.540 




>t 


1-333 


„ 1.287 






bot'm, 


2. 700 


top, 2.900 


,, 2.S00 






7-997 


ia66o 


9329 






6.000 


8.285 


7- '43 



The following are tlie quantities of sensible steam at difterent points of 



tile system: — 

I. Semible tteam cut oll^ itt cylinder. top, 1.0S35 lbs.;bofm,.5i75 lb.; iDean,.7855 Vb. 





.... „ MISS 


M -7145 


t* 9150 






.1970 


.1395 




5-627. 


27-577, 


I -I- 1 5° 






top, .6631 lb.; 


mean,.S340 lb. 


4. Do. expuided, do. 




„ ,8176 


„ 1.0856 




3386 




.3516 














.3101 lb. 


.3001 lb. 




3I.S9V, 
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5. Mean units of work -heat per stroke by expansion 

6. Of which are provided by li«ed constituent beat 

7. And bjr condenantioaof «cpAnding steam 

8. Weight of steam thus oondcnsed 

9. To be added to the mean sensible expanded steam 

la Total sum in evidence: sum of Nos. 8 and 9, in which \ 

the condensed steam of both qrliaden is taken in j 
for the 2d cylinder J 

11. Deduct compressed steam 

12. Net steam in evidence oonsomed per stroke 

13. Kffective mean pressure per square inch 

14. Turns per minute 

15. Speed of piston, in feet per minnte 

16. Indicator horse power 

17. Combined indicator horse-power 

18. Net steam in evidence the indicator, consnmed | 

per hour, in cylinders ) 

19. Do. do. do. per horse-power 

aa Steam condensed in the jackets perhoar..i.. 

21. Total steam in evidence by the indicator (2d cylinder) ) 

and the jackets, per hour: sum of Nos. 18 and 20... ] 
32. Water as steam ddhrered irom the boUcr, per honr 

23. Difference of Nos. 21 and 22 

24. Do. per cent of No. 22 

Here it appears that the steam jackets were ineffective, having condensed 
only 5 lbs. of steam per hour. The engine may therefore be considered as 
one having unjacketcd cylinders; and accordingly it appears that there is 
as much as 24 per cent of the whole water as steam delivered from the 
boiler, permanently condensed in passing through the engine. The cylin- 
ders stood directly upon the condenser, separated only by tlie metal of the 
bottoms of the cylinders, i inches or 2 inches in thickness and probably 
much of the steam was condensed on their surfaces. 

Receivtr am^ound beam rota! hi- cn^i^ints, constructed by Messrs. Simpson 
& Co., were erected at the Lambeth Water-works, Thames Ditton.^ 
They work in pairs at right angles on one crank-shaft. They are fitted 
with an intermediate receiver jacketed with steam from the boiler, on the 
system of Mr. E. A. Cowper, between tiie ist and 2d cylinders. Both 
of the c)^indei8 are steam-jacketed ftom tlie boiler, excepting the cover 
of die 1st qrlinder; the receiver is steam-jacketed, except tiie cover. The 
condensation-water in the jackets returns by gravitation to the boilers. 
The steam is distributed by slide-valveSi one valve at the top and one at 
the bottom, with adjustable expansion-plates on the back. A jet condenser 
is used. The ist cylinder is 21 inches in diameter, the 2d cylinder is 
36 inches, and the stroke for each cylinder is 5^ feet. The net capacities 
of the cylinders are 13.227 cubic feet and 38.877 cubic feet respectively, 
being in the ratio of 2.939. "Hie total clearance of the ist qrlinder is 
.215 cubic foot, or 1.65 per cent of the net capacity, at each end. That of 

* See Mr. Mair's paper " On the Independent Testing of Steam Engines," already referred to. 
The enghie here noticed is engine J in Mr. Blair's paper. 



nt Cyfindar. ad QfkMn. 

59b 1 1 units XO14. 19 unitt 

13.68 „ 18.91 ., 

45-43 M 85.28 „ 

.0470 lb. .0S4S lb. 

.9150 „ 1.0S56 lbs, 

.0179 „ .0097 lb. 

.9441 „ t,ao77lbs. 

21.28 lbs. 5.04 „ 

14 turns 14 tuma 

155 feet 224 feet 

61.51 H. P. 56.85 H.P. 
118.36 H.P. 

15S6 lbs. 2030 lbs. 

13.40 lbs. 17.15 lbs. 

5 B».} or per H.P. .04 Ibi 

W35 M *« Z7.I9II1C 

3678 „ ,, 33.61 

24 per cent 
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the 3d cylinder is 1.035 cubic feet, or 2.68 per cent The net capacity 
of the intenncdiate receiver, including its connections^ is equal to that of 

the 2d cylinder. 

In the test made by Mr. Mair the averai^e period of admission in the 
1st cylinder, according to tlic average diagrams, ligs. 242, is 2 1 per cent of 

the stroke^ f<Mr which die initial volume 
for expansion in the ist cylinder, in- 
cluding clearance^ is 2.993 cubic feet; 
and the final volume is 13^42 cubic 
feet; for which the ratio of expansion 
is 4.491. The initial volume for ex- 
pansion in the 2d cylinder, in which 
the steam is cut off at, say, 43.3 per 
cent, is 17.87 cubic feet; and the iinal 
volume is 39.^12 cubic feet, making 
the working mtio of expansion 2.233. 
But the total ratio of expansion from 
the 1st into the 2d cylinder is the 
ratio of their capacities plus their re- 
spective clearances — 13.442 and 39.912 
cubic feet, or 2.947. llie intenn<xliate 
ratio expansion is therefore (2.947 -r 
2.233=) 1-320. 

The effective pressure in the bmler 
figi. m4a.— Pumping suamEnipiw*, by SimpMo ft Co., was 6 1 Ibs., and the total pressure was 

IjnbalfaWuer-worfcf.MTIiamaDUtaa(J«iMiae}: ^ i, • i t-i ^ . i 

70 lbs. per square inch. 1 he total 




initial pressure for expansion in the 
1st cylinder is 64 lb&, and the final pressure is 15.2 lbs. In the 2d 
cylinder the initial pressure for expansion is 10 lbs., reduced to 4.67 lbs. 
per square inch at tiie end of the stroke Hie total exhaust-pressure 
for compression in the ist qrlinder is 15 lbs., in the 2d ^linder, lbs. 
per square inch. 

Actual ratios of oqMuinon; — 

(1) 1st cylinder 4-49 1 

(2) Intermediate 1.320 

(j) ad cylinder 3.353 

Total expansion-ratio 13.236 

Net do. do. iao3i 

Ratios of initial and final pressures by expansiiHi: — . 

(1) 1st cylinder 4.217 

Intermediate 1.520 

2d cylinder.. 3.i4> 

Total rado I3>724 

Net or working ratio 9.039 

The quantities of steam made sensible to the indicator are as fol- 
lows: — 
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I. Sensible bteam cut otf, ist cylinder ^Sjo lb. 

3. Do. da expanded, da .5308 

Difference of Nos. i and 2 •077S 

Do. per cent of Na 2 I4>667» 

3. Sensible steam cut off, 2c\ cylinder •47lS lb. 

4. Do. do. expanded, do .5188 

Difference t)f Xos. 3 .md 4 .0470 

Do. per cent of No. 4. 9-^7e 

Da of Nos. I and 4 .o6s8n». 

Da per cent of Na 4. >2*^/o 

Mt Cylinder. «d CytMor. 

5. Work-heat per stroke by expansion 56.14 units 37.0$ units 

6. Of which are provided by freed constituent heat.. 13.48 „ 5.59 „ 

7. And by condensation of expanding steam. 43.66 „ 31.66 „ 

8. Weight of steam thus condensed .0443 lb, />2i6 lb. 

9. To be added to the sensible expanded steam ^SJOS » .5188 „ 

JO. Total steam in evidence: sum of steam con- 'j 

densed in both cylinders, line 8, being added > .5751 „ .5847 „ 

to No. 9 for 2d cylinder ) 

11. Deduct compressed Steam. .0587,, .00S8 

12. Net steam in evidence consumed per stroke.. •5164,, '5739 » 

13. Effective mean pressure per square inch 33.01 lbs. 8.i8*lbs. 

14. Turns per minute 23.98 turns 23.98 turns 

15. Speed of piston, in feet per minute 264 feet 264 feet 

i6b Indicator horse-power 6a93 H.P. 6647 H.P. 

17. Combined indicator horse-power I37w(0 H.P. 

18. Net stcim in evidence consumed per hour in ) .^ajtiij. tfie? lbs. 

cylinders i 1400 ux. 1057 

19. Da do. da per horse-power. 11.66 lbs. 13^01 lbs. 

3a Steam condensed in the jackets per hour, ac- ) ^ ^ ,^ „ „ p 

tually observed. ) 

31. Total steam in evidence in the 2d cylinder, by ) 

the indicator and the jackets, per hour J 9»3 1. » 5- 3 •» 

33. Dry steam actually delivered per hour from the ) j_ j_ 

boiler, and passed through the cylinders J /V » » * 7 » 

33. Do. do. do. condensed in jackets 256 „ „ 2.03 „ 

34. Total steam actually delivered per hour from the ) 

boiler: sum of Nos. 22 and 23 J " " ^ " 

25. Excess over total steam in evidence by the \ 

indicator, plus the steam condensed in the V 23 „ or t per cent 
jackets 'No. 21"! ) 

26. Priming water delivered from the boiler, directly | or per H.P. .$$ lbs. 

observed J ** 

37. Total steam and primed water ddivered frcrni ) .^j. ^. 

the boiler, directly observed ( ^ " " 'a-'^" 

28. Coal consumed per indicator horse-power per hour 1.55 lbs. to 1.60 lbs. 

Herein is a noteworthy agreement, the virtual identity of the quantities of 
steam as brought into evidence passed through the cyh'nders by the indicator 

diatjram, and as directly measured from the boiler. They are respectively 
13.01 lbs. and 13.17 lbs., and, addinjj the weight of steam condensed in the 
jackets, the quantities are 15.03 lbs. and 15.19 lbs., differing only by i per 
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cent. The engines were independently tested by Mr. E. A. Cowper in 
October, 1881, a period of 24 hours, when tiie two pairs of engines 
exerted a combined power of 24a 12 horse-power, or i2ao6 horse-power for 
each pair. He states in his report,^ that the quantity of \s ater fed into tiie 
boilers was 13.397 pounds per indicator horse-power per hour. This Mrater 
comprised the steam passed throut^h the cylinders and the priming; and 
allou'inc;^ .55 lb. as before for priniini;, the remainder, (13.397 — -55 =) 
12.847 lbs., is the weight of water as dry steam passed through the cylinders 
per indicator horse-power per hour, against 13.01 lbs. as deduced above 
from indicator diagrams, and 13.17 lbs. as actually delivered from the 
boilers. The steam-jacketing of tiie receiver acted beneficially, no doubts 
in so minimizing the consumption of steam. The steam supplied to the 
jackets was condensed in the following proportions: — 

ist cylinder 036315 lb. per stroke, or .8a lb. per H.P. per hour. 

Receiver .0x1609 » » n n n 

ad cylinder 041326 „ „ .94,, „ „ 

Total 089350 „ „ a.oa „ „ „ 

A pair of compound rotative beam engines, designed by Mr. E. Leavitt, iun., 
was erected for the water-works at Lawrence. Massaciuisctts, U.S.A.- 1 he 
hrst and second cylinders of each engine, illustrated in Section W. following, 
are connected, one to each aid of die beam. They are placed together under 
the main centre, and directed obliquely, each to its proper end of the beam, 
the lower ends of the cylinders being close together, and the upper ends 
lying apart The steam from the first cylinder is exhausted direct into die 
corrcspondincf end of the second cj'linder; and thence to the condenser. 
One end of the beam is connected to the fly-wheel shaft, and the other end 
to the pump. The cylinders are thoroughly steam-jacketed ; they are fitted 
with gridiron valves, having large area of opening, and short movement 
The steam-valves of the first qrlinder are ivorked by means of cams. The 
cylinders are 18 indies and 38 inches in diameter, with 8 feet of stroke; 
having net capacities of 14. 1 3^ cubic feet and 63.016 cubic feet respectively, 
in the ratio of i to 4.458. The clearance-space for the first cylinder is 
2.56 per cent of the net capacity at the top, and 2.31 per cent at the bottom, 
or .362 cubic foot and .326 cubic foot respectively. For the second cylinder, 
they are 1.54 per cent and 1.^2 per cent, or .970 cubic foot, and 1.147 cubic 
feet for the top and the bottom respectively. The volume of the pipe 
connecting the upper ends of the cylinders Is 1402 cubic feet The steam 
b cut off in the first cylinder at 31.4 per cent at the top, and 31.5 per cent 
at the bottom, making the initial volumes for expansion (4.439-^.362 clear- 
ance =) 4.801 cubic feet and (4.45 3 -|-. 3 26 clearance = ) 4.779 cubic feet; and 
the actual ratios of expansion in the first cylinder are, 3.020 and 3.030. 

' Engineering, Dccettilx^r 9, 1 88 1; page 575. 

• Sec Reports on the Trial 0/ Duty and Caf^city of the Pumfnng Enginttf Lawrence WoUr-wrks, 
tjr Wm. E, Worthen, J. C. Hoadley, and J. P. Davis; May, 1876. 
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The initial volumes for expansion into the second cylinder are (14.136+ 
.362 = ) 14.498 cubic feet, and 
(14.136 + .326 = ) 14462 cubic 
feet; for the top and the bottom 
respectively; and the total final 
volumes for expansion, reck- 
oned to the end of the stroke, 
are (63.0 16 4- .970 clearance -}- 
1402 pipc = ) 65.388 cubic feet, 
for the top; and (63.016 + 
1.147 = ) 64.163 cubic feet for ^ 
the bottom ; for which the actual 
expansion-ratios are +510 and 
4437. But these ratios include 
intermediate expansion, whilst 
the intermediate space for expansion is to be reduced for the presence of 
residual steam. Adjusted accordingly, the expansion-ratios are as follows: — 

Aaual ratio of expansion: — (i) ist cylinder, top, 3.020; bottom, J-ojo; mesui, 3.025 

(a) Intermediate, „ 1.124; „ i.o6s} „ 1.093 
(3) sd cylindMv m 4*013; .» 4>I78) » 4*096 




Figj. 343. — Cum^Kiund Beam Rotative Pumping Engines, 
LAwrence, Mauachiuettt, deMgned by E. Lamtt:— 
Sanpl* ladioMor 1 



Total expansion-ratio, 13.625 13-444 I3-53S 

Net do. 12.122 12.660 12.391 

For a run lasting 16 hours, with steam of go lbs. sensible pressure in the 
boiler, the engine worked at an average speed of 16.25 turns, or 260 feet of 
piston, per minute. Sample indicator diagrams are shown in figs. 243. 

The absolute pressures of steam are as follows: — 
ist cylinder, cut off top, 100.2 lbs. bottcno, 1024 lbs. 

34-9 » 
28.6 „ 



n 



33-8 „ 
29.6 „ 



» 

M 

» 

W 
M 



9-9 »» 

28.4 „ 
5*42 >* 



expanded „ 

initial pressure, return-stroke, 
final pressure, back-stroke ) 

for compression / " 9> » 

sd cylinder, initial „ 26.14,, 

„ expanded „ 6.14,, 

Ratio of initial and final pressures by expansion:— 

(1) ist cylinder '. top, a.990 bottom, s.900 

(2) Intermediate „ 1.293 » 1-229 

(3) 2d cylinder „ 4.aS7 » 5- 240 

Total ratio 16.458 18.675 

Net or tforiung rado 12.798 15.200 

The weights of sensible steam are as follows: — 

1. tst qpiiiider, cat off top 1.1105 lbs.; bot M28olbs.;iiMan 1. 1 igiVbt. 

2. M cxfMiided , 1.2150 „ „ 1.2380, 

DUimnoe of Nos. i and 2 1045 ■ 1 100 

ft per cent of No. 2... 8.60^/0 8.8S7, 



1.2265 „ 

.1072 
8.74/. 
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3. sd ejtiada, initial top .9167 bofm 1.0195 nam .9831 lb. 

4> »» cspuded 1.0990 *9#9^ »* lbs* 

Diflfereoce of Nos. 3 and 4 •i453 - .0699 '0377 

„ per cent of No. 4.... 13 307. -7 367, 3-69*/. 

„ ofNoi,tand4 -.01851b. -.1784111. -.09841b. 

„ per cent of No. 4... 1.697. -i8-797. -9-737. 

mQfiukt. tAQfSulm. 

5. Mean work-heat per stroke by expansion lo8.6ouniti. 164.5000111. 

6. Of which is provided by freed constituent heat 26.49 *3-69 >• 

7. And by condensation of expanding steam 82.11 I4D.81 „ 

8. Weight of steam thus condensed .0884 lb. . 1414 lb. 

9. To be added to the sensible cxpamled steam 1.2265 » l.oao8 

10. Total steam in evidence: sum uf steams condensed \ 

in both cylinden bang added to Na 9 fiw [ I'3I49 » t.2506 „ 

2d cylinder ) 

11. Deduct compressed sleam ♦073I m i» 

12. Net steam in evidence coosnmed per strolce 1.2418 „ 1.3408 „ 

13. EfTcctive mi nn pressure per square incli. 53-33 lbs. 10.20 lbs. 

14. Turiu per minute 16.25 turns. 16.25 turns. 

15. Speed of piston in feet per minnte a6o feet 960 feet 

16. Indicator horse-power IO6.90 H.P. 91.14H.P. 

17. Combined indicator horse-puwer.... 198.04 H.P. 

18. Net ateam in evidence contnned per hr. in qrlinden 2439 lbs. 3418 lbs. 

19. Do. do. per horse-power ... 12.20,, 1219,1 

2a Steam condensed in the jackets per hour 338-85 or i-7i » per H.P. 

21. Total steam in evidence by tbe indicator, in the | , ^ or n 01 

1st cylinders, an i the -nckcts, per hour i 7 • 5 i» 3-9 tt u 

22. Total water as steam delivered from tbe boiler' ...... 2796 „ or 14.06 

33. Coal, Cnmbeiland, coosnmed per H.P. per lionr ... i*^! 



'ft •> 



Here there Is a very nearly exact coincidence between the quantity of 
water as steam, Xo. 21, brought into evidence by the indicator, plus the 
condensation water from the jacket, and tlie total water as steam delivered 
from the boiler — about 14 lbs. per indicator horse-power per hour. 

The calculation of heat converted into work during expansion, Na 8, 
was only approximative being based on indicator diagrams taken on the 
last day of the trials. It is seen, line 12, that the net weights of steam 
in evidence, consumed per stroke, are nearly identical for the two flinders. 

It is seen that the ratios of the initial and final pressures in the ist 
cylinder are nearly identical with the actual ratios of expansion. In the 
2d cylinder at the top, also, they are nearly alike, but at the bottom tlie 
ratio of pressures is materially greater than that of expansion. In three of 
the four situations the expansion is thus seen to follow sensibly the hyper- 
bolic law. The final pressures in the 2d cylinder, as observed, were 
6.14 lbs. and 542 lbs. According to the hyperbolic law, reckoned on the 
gross ratios of expansion, they would be 7.75 lbs. and 7.70 lbs. 

A horizontal compound receiver- engine, constructed by J. & E. Wood, 
Bolton, and erected at the mills of F. B. Booth & Co., Leigh, near Man- 

* The destination of the condensation-water in tlie steam jadcets is not specifically stated In the 
report; but it is inferred from the langnage of tbe report, page 37, tiiat that water was not retained 

to the boiler. 
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Chester. The cylinders, figs. 244, are 27 inches and 42 inches in ^ameter, 
with a stroke of 5 feet, worldng to cranks at right angles on the fly-wheel 





to 

eo- 

so 

40- 
30- 
20- 

10- 

0 




Figs. 344.— J. & £. Wood's Compound Receiver Steam Kngine: Cylinders. Scale t/sfith. 

shaft. The intcrniediate receiver is of plate-iron, cylindrical, 3 feet in 
diameter, and 10 feet long. The cylinders, receiver, and pipes are lagged, 
but not jacivetcd. The first 
cylinder is fitted witli Wood's 
Corliss gear, and the second 
with a slide-valve.^ The net 
capacity of the ist cylinder is 
19.88 cubic feet, and that of 
the 2d is 48. 10 cubic feet. The 
ratio of the capacities is 2.420. 
The total clearance of the ist 
cylinder is 1.93 per cent, or 
.383 cubic foot at each end ; 
and that of the 2d cylinder 
is 8.34 per cent, or 4,010 cubic 
feet at each end. The inter- 
mediate receiver and passages 
together have a capacity of 
93.32 cubic feet This is un- 
usually larg^ and the object 
of its being constructed so 
lafge was to admit of the con- 
tinuous collection of conden- 
sation-water for a considerable 
period of titiic. For one ob- 
servation, illu.strated by the 
indicator diagrams, figs. 245, 
the steam is cut oif at 24 per 
cent at tiie front, and 23 per 
cent at the back; and at 50 
per cent in the 2d cylinder, 
for which the gross volumes, including clearances, are respectively 5.155 cubic 

> See Engi$umi$g, November ai, 1871, *oL xtL pi^ 421, fiw aa aeeoaal, with iUustiatioos, of 
tU* engine. 




F!Sk-HS.~W<iod't Horiiontal Reeeiverl 

Sample Indicator Diagrami. 
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feet and 4.956 cubic feet for tlie ist qrlinder, or a mean of 5 cubic feet; and 

28.062 cubic feet for the 2d cylinder. The final volumes by expansion, 

reckoned to the ends of the strokes, are 20.263 cubic feet and 52.1 10 cubic 
feet The intermediate expansion took place from the volume 20.263 cubic 
feet to 28.062. The expansion-ratios, therefore, are as follows: — 



Actual xatio of eiq)an8ion:—(i) ist cylinder 4.053 

Intermediate ^-3^5 

' cylmder t.857 



(2) Int 

(3) ad 



Total expansion-ratio 10.423 

Net or working ratio, (i) and (3) 7-5*6 

The pressure of steam in the boiler was 77 lbs. per square inch above 
the atmosphere, or 92 lbs. absolute. The absolute pressures of steam in 
the qrlinders are as follows: — 

ist q^der, cut off. fton^ 87 lbs.; back, 84 lbs. 

„ expanded „ 33 „ „ 34.2 lbs. 

3d qrlinder, cut ofT fnmt, is lbs.; bock, 14 lbs. 

„ expanded „ 7 „ „ 8 „ 

Ratio of initial and final pressures by expansion: — 

(1) ist cylinder front, 3.783 back, 3.471 mean, 3.627 

(2) Intermediate „ 1.917 „ 1.730 » 1.824 

(3) sdqrlinder „ 1.7x4 1.750 » 1.73* 



Total ratio 12-430 10.508 11.458 

Net or working ratio, (i) and (3) 6.484 6.074 6.279 

The exhaust-pressure for compression is 20 lbs. per square inch for the 
ist cylinder, and 2.7 lbs. and 3.20 lbs. for the 2d cylinder. 

The weights of sensible steam, according to ^e indicator diagram and 
other particulars of performance are as follows: — 

t. lit qrlinder, cut off fiont 1.0435 b«ck .9699 Iba. ncaa 1.0067 tt*> 

3. „ espuided „ 1.1753 „ „ 1.3380 „ „ t.3oi6 ^ 

Difference of Nos. I and 2 .1318 ,, .2581 -1950 „ 

„ per cent of No. a 11.08% 3l.02% 16.23% 

3. 2d cylinder, cut off. front .8811 lb. bide 1.0158 Ibt. mean .94841b. 

4. „ expinded , .9849 » » t.iiS» „ I.0501 „ 

DiflbrenceofNos. 3tnd4. .1038,, .0994,, .1016 „ 

„ per cent of No. 4 10. 64 V 8.41% 9.6?% 

,, ofNos.iand4. -.05861b. .14531b. .0434 Ik 

„ per cent of Na 4 -5-9*% »*-58% 4.13% 

ist Cylinder. ad Cylinder. 

5. Mean work-heat per stroke by expaoHOO 134. 16 units. ill. 00 units. 

6. Of which it provided by freed constitnent heat 29.32 „ 8.30 ,, 

7. And by condensation of expanded steam 101.84 IO2.70 ,, 

8. Weight of steam thus condensed •1075 lb. .1034 lb. 

9. To be added to the sensible expanded steam 1.3016 „ 1.0501 „ 

lOii Total steam in evidence: sum of steams condensed } 

in both flinders being added to No. 9 for 2d > 1.3091 ,« I.36IO „ 

cylinder ) 

II. Deduct compressed steam. 1303' „ .0753 „ 
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lit Cylinder. 

I.18&8 lbs. 



a<l Cylinder. 



IS. Net steam in evidence consumed per stroke 

13. Eflective mean pressure per square inch .... 

14. Turns per minute 

15. Speed of piston, in feet per minute 

16. Indicator horse-power 

17. Combined indicator hon^power 

18. Net steam in evidence consumed i>er hour.. 

19. Do. do. per hursc-power 



5992 lbs. 
14.67 lbs. 



3*-45 
4Stniiis. 

420 feet. 
236H.P. 



4P&5 H.P. 



5976 lbs. 
14.63 lbs. 



42 turns. 
420 feet. 
172.5 H.P. 



1. 1857 lbs. 
9.80 „ 



When the indicator chasframs were taken the engine had been runnincr 
for tweiity-si.x weeks, and was reported to give an average of 405 indicator 
horse-power, with an average consumption of 29 tons of coal per week of 60 
hours, or at the rate of 2.67 lbs. per horse-power per hour. After making 
a deduction of one-fifth for heating purposes, the remainder, 2.14 lbs., is 
estimated as the net consumption of coal on the work of the engine per 
horse power per hour. Messrs. Wood state that they ascertained that 
8 lbs. of water was evaporated per pound of coal consumed. Thence, the 
quantity of water as steam consumed by the engine would be (8x2.14 = ) 
17.12 lbs. per horse-power per hour, which is 2.45 lbs. in excess of the 
quantity of steam (line 19) brought into evidence by the indicator diagram. 
These estimated results are much better than others whidi have been 
verified under like conditions^ from other engines, and they need to be 
corroborated. The case is of some interest as one of non-jacketed compound 
cylinders. 

Water was collected in the receiver at the rate of 576 lbs. per hour, or 
at the rate of (5764-408.5 = ) 1.41 lbs. per indicator horse-power. This 
water was, of course, discharged from the first cylinder, and is at the rate 
<^ .1143 lb. per stroke^ which happens to be very little more tiian that 
of the weight of steam condensed for work during expansion. 

The capacity of the receiver and passages was said to be 93.32 cubic 
feet. This is equal to nearly double the capacity of the second cylinder, 
and obviously is large enough, since the exhaust-lines of the indicator 
diagrams from the first cylinder are straight. When the receiver, of which 
the net capacity is 70.7 cubic feet, was half filled with water, and so 
reduced the volume for steam to (93.32 — 35.35 = ) 57-97 cubic feet, the form 
of the diagrams remained unaffected by the reduction in volume. The 
volume as reduced was 1.205 times the capacity of the second qrlinder. 

A Woolf condensing beam-engine, at llie Florida Spinning Mill, Ghent, 
manufactured by A. & E. Gilain,^ was tested by M. Dwelshauvers and M. de 
Wilde, in September, 1H77. The cylinders are not jacketed, but the steam 
is superheated on its passage from the first to the second cylinder. The 
first cylinder is 27 inches, and the second cylinder is 47.2 inches in diameter; 
with strokes respectively of 7 feet 5 indies and 9 feet 10 inches. The 
capacities are as 1 to 4.05. The engine made 30 turns per minute or 
445 feet of the first piston per minute. The steam was cut off" at )i^th of 
the stroke of the first piston. Assuming a clearance of 5 per cent; the actual 

^BuUttin dt VAtsoeiaHnt de$ Imghutun StrtA de tkntt de L^p, 1877; page 214. 
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ratio of expansion in the first cylinder would be 3.8. The net capacities 
of the first and second cylinders are as i to 4.05, which is the measure 
approximately of the total expannon into the second cylinder; bu^ 

allowing an intermediate expansion-ratio of say, 1.20, the workinj^ ratio 
would be (4.05-^1.20 = ) 3.3S, and (3.SX 3.3iS = ) 11.42 would on these con- 
ditions be the total net ratio of expansion. The indicator horsc-pow cr for 
the first cylinder is 284-9; ^^^t second, 106.4; together, 391.3 horse- 

power. The consumption of water from the boiler is at the rate of 14.83 lbs. 
per horse-power. 

A compound condensing semi-portable cng-inc, constructed by Wcyhcr and 
Richemond, at Fantin, and working at Herzog's Spinning Mills, Colmar, 

was tested in July, 1879, by MM. 




W'althcr-Meunier and G. Keller.* 
The two cylinders, figs. 246, are 
horizontal, fixed side by sid^ on 
the top of the boiler. A slide- 
valve is applied to each cylinder, 
and is placed laterally at the outer 
side. The first cylinder is steam- 
jacketed, except at the ends. The 
steam is distributed by means of 
an ovdinary slide-valv^ to each 
cylinder. The steam exhausted 
from the first cylinder is passed 
over the outside of the first jacket; 
being heated by the steam therein, 
and over the second cylinder to 
its valve-chest. The second cylin- 
der is jacketed by the heated 
exhaust-steam on its upper part, 
and on half of its circumference 
by steam direct from the boiler. 



The ends are not jacketed. The 
cylinders are connected to two cranks at right angles on the main shaft. The 
steam from the boiler is admitted into the lower part of each steam -jacket, 
and from the jacket of the first cylinder it is conducted to its valve-chest 
The experimentalists condude that the whole of the condensation-water of 
the jackets was carried by the steam into and through the cylinders. The 
cylinders are 11. 18 inches and 18.9 indies in diameter, with a stroke of 
1 8.9 inches. The ratio of the capacities is 2.84. The clearances are respec- 
tively 6.4 percent and 5 per cent of the net capacities of the c>'Hnders. The 
average results of two days' trials show that the net pressure in the boiler 
was 95.5 lbs. per scjuare inch, and that tiie steam was cut off at 45 per cent 
and 35 per cent of the stroke at the two ends respectively of the first cylinder, 
with 87 lbs. net, or 102 lbs. total initial pressure for expansion. The mean 
^StOOiH itU SotUUlndnMUie MMtmtt 1880^ pose 5. 
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period of admission was 40 per cent, for which the actual ratio of expansion 
was 2.27, whilst that into the 2d cylinder was approximately 2.84, making 
a total working ratio of 646. Sample indicator diagrams are given, figs. 247. 
The capacity of the 
spsuce answering to the 
receiver is very limited, 
and the cxhaust-line of 



so 



4i 





a<y.— Wtykar and RicfaeiMmd'k Sond'poitiUc Ba|iM : 



the indicator diagrams 
shows a rise of pressure 
towards the middle of 
the stroke, succeeded 
by a fall of pressure, as 
steam passes off to the 
second cylinder. There l 
is no drop of pressure 
between the cylinders, 
the maximum admis- 
sion pressure in the 
second cylinder being 
sensibly equal to the 
final pressure in the 
first cylinder; but the 
Steam is very m uch wire- 
drawn in the second 
qrlinder. The average speed was 88.5 turns per minute making 78 indi- 
cator horse-power; the consumption of water from the boiler was at the 
rate of 16.81 pounds per indicator horse-power per hour, and that of dry 
steam was at the rate of 16.37 pounds. 

In another trial of this engine, cutting off in tlie first cylinder at 
25^ per cent, expanding there 3^3 times, and in the two cylinders together 
(3V3X 2.84 = ) 9.47 times; the engine made 90 turns per minute, and 63.S6 
horse-power, consuming from the boiler id^ pounds per indicator horse- 
power per hour; or, of dry steam, 16.0$ pounds. 

ist Trial. 

Mean cut-off in the ist cylinder 40°/, 

Da do. da 2d do. 41'/, 

iist cylinder 3.27 
2d do. (approximate) 2.260 
Both cyliadm. 5- 1 30 

Absolute maximum pressure in 1st cylinder, per square inch.... 87 lbs. 
Absolute pressure at cut-ofT, for expaimon, ... 76 

Absolute manimnm pressore ia ad q^iader, „ „ ... 43.7 „ 

Absolute pressure at cut-off 28.5 ,, 

Turns per minute 88.5 turns. 

ladicator hotse-power 78 H.P. 

Wafer as steam consumed per horie>powier per hoar 16.81 pounds. 

Dry stt am do. do. do. 16.37 ,, 

Tiicrc is not a marked difference between the consumptions of water per 

horse-power for 40 per cent and 25 per cent admission into the first cylinder. 
Vou I. fS 



■dTiid. 

417. 

3.33 

2.260 

7.526 

K9 lbs. 

84 .. 

41 M 

90 turns. 
63.86 H.P. 

16.94 pounds. 
16.03 „ 
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The a>t»ponnd recetver-ettgines of the Liffcy sieam-vesself constructed by 
Messrs. Day, Summers & Ca, hav^ cylinders 36 inches and 72 inches in 
diameter, with 4 feet 2 inches of stroke. The ratio of the cylinders is 4, 




and the clearances are i).22 per cent and g. 13 per cent of the capacity. 
The steam. 45 lbs. in the boiler, is cut off at 5 5 per cent in the first cylinder, 
and 45 per cent in the second cylinder. The actual ratios of expansion are: — 



In the 1st cylinder IJIS 

„ 2d cyh'nder s.a30 

Net combined ratio 3.807 

Intermediate expansion 3.000 

Gross expansion 7.614 



The cylinders, figs. 248, are enveloped in the receiver, and are steam- 
jacketed at the upper side. The pressure of steam, according to the indi- 
cator diagrams, figs. 249, at the cut-off in the first qrlinder, was 49^^ lbs. 
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and $0^ lbs., expanded finally to 7 lbs. in the second qrlinder, or to about 
one*seventh of the initial pressure— the gross expansion-ratio being 7.614. 

The indicator power is 409.5 

in the first cylinder, 427.8 in j\ — ^ 71 

the second, toj^ether 837.3 
lioise- power. The indicated 
quantity of steam per horse- 
power per hour was 14.74 
pounds cut off in the first 
finder, and 17 pounds ex- 
panded in it; 10.75 pounds 
cut off in the second cyhnder, 
and 11.99 pounds expanded 
in it. The coal, Cardiff, was 
reported to be consumed at 
the rate of 2.10 pounds per 
horse-power per hour. 

The co7ti pound rccc'.vcr-cn- 
gincs of the Koning dcr Ncdcr- 
iandeti, constructed by Messrs. 
John Elder & Co., have two cylinders, 50 inches and 86 inches in diameter, 
with a stroke of 3^ feet, having capacities as 1 to 2.959. The cylinders, 
figs. 250. are steam-jadceted sqiaratdy, and the receiver surrounds the first 
cylinder. The steam, according to the first set of diagram^ figs. 251, is cut 
off in the first cylinder at 52 per cent at the top, and 48 per cent at the 
bottom, with clearance-spaces of 9.9 per cent and 8.28 per cent respec- 
tively; in the second c}linder, at 55 per cent and 47}^ per cent, with 
5.65 per cent and 7.05 per cent clearances. The actual ratios of expansion 
are as follows : — 




Figs. 349.— £ngines of the Liffey, by Oiqr, I 
Saapte Imttwinr IXagnun*. 



&Co.:- 




Net combined ratio 3>436 

Intermediate expansion 1.360 

Gross expansion 4.660 

With 59 lbs. steam in the boiler, the initial pressure at cut-off in the 
first cylinder is 55 lbs. at the top, and 57 lbs. at the bottom. Steam 
of 24 lbs. and 25 lbs. is compressed at 7 per cent and 8 per cent of the 
stroke respectively. In the second cylinder the steam is cut off at 14^^ lbs. 

and 16 lbs. pressure, and the exhaust is compressed at lO per cent, at 

33.^ lbs. and 2li lbs. The indicator horse-power, at 65 turns per minute, 
is 775.60 and 996.18 in the cylinders respectively, together 1771.78 horse- 
pOA\cr. The indicated quantity of steam per horse-power per hour is 
14.43 lbs. cut off, and 14.S5 lbs. expanded, in tlie first cylinder; and 
1 3. 14 lbs. cut off, and 13.28 lbs. expanded, in the second cylinder. 
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By the second set of indicator diagrams, figs. 251, taken at a speed 
of 61 turns per minute, the steam was cut ofT at 343^ per cent and 40 per 
cent at the top and the bottom of the first cylinder respectively; and in 




flp. ssok— S.S. Koniag toWadoAndM:— CoapodDd CfSadm. Vy Jdm 9dar ft Ckk Seal* tf^h. 



the second cylinder at 55 per cent ami 47^2 per cent as in the previous 
diagrams. The pressures at cut-off" were 50 lbs. and 61 }4 lbs. in the first 
cylinder, and 10 lbs. and 13 lbs. in the second cylinder, expanded to 6}4 lbs. 
The indicator horse>power was 67433 in the first cylinder, and 720.78 in 
the second; together 1395.71 horse-power. The indicated steam cut oft 
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in the first cylinder was 11.85 lbs. per horsc-powcr ; expanded, 14.05 lbs.: 
cut off in the second cylinder, 12.34 lbs.; expanded, 13.40 lbs. The coal 
consumed was 1.61 lbs. per horse-power per hour. The actual ratios of 



expansion were as follows : — 

In die xst cylinder. 2.358 

„ adcjrlmder. 1.852 

Combined ratio 4-367 

Intermediate expansion. 1-314 

Gross expansion. 6.093 




Second Set 

Figi. 951.— Bngliies of the KotUng der Ncdcrfaadeii Indieelar DiaRnna. 

TAi' condensing engine of tJic U. S. steamer BacJie, having compound 
cylinders, was tested by Mr. C. i£. Emery, l ie, in conjunction with Chief- 
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engineer Loring, also tested tlie compoutid engines of the U.S. stcavicr Rush; 

and the single-cylinder engines 
of the Dexter and tke^ 
Dallas} 

The W ( If engine of the 
Inichc. designed by Mr. Em- 
ery, is of the steeple com- 
pound-cylinder type, the first 
cylinder, i6 inches in dia- 
meter, being placed over the 
second cylinder, 25 inches in 
diameter, and the pistons 
being fixed to one piston-rod. 
with a stroke of 2 feet. The 
steam from the upper c}'lin- 
der passes to the valve-chest 
of the lower cylinder Arough 
a large pipe, regardless of 
the volume of the interme- 
diate space— acting, in fact; 
as a receiver — as the distri- 
bution of the power between 
the two cylinders is regulated 
by means of an adjustable 
cut-off on the second qrlin- 
der. Steam is distributed to 
each cylinder by a short 
slide-valve at each end, and 
for both cylinders there are 
independently adjustablccut- 
otT plates on the backs of 
the main valves. From this 
description, it appears that 
the engine, though nominally 
of the Woolf type, works as 
a rccciver-eni^ine. The net 
capacity of the second cylin- 
der is 2.44 times that of the 
first cylinder. The second 
cylinder only is steam-jack- 
eted — at the sides. The condensation-water from the jacket is returned to 
the boiler. The effective pressure in the boiler was 80 lbs. per square 
inch. Four series of experiments were conducted: is^ without steam in 

1 /tumal if the F^Min huUhOty Febmaty *sA Mnch, 1875 ; pages 105, 197. See «1«> MtkM 
or the tnals in the PmttM^ tftke ImOUn^ ^ CwU Enginien\ voL xL page 298; and ToL sB. 
page 296. 




Ma 6 nitgraiiw, — Bachc; Steam ia Jacket. 




Ma. isIMagiaaH.— Bache: ad Cylinder only, without Steam in Jacket 
Fiia 3s».— ladicator DUgnunt from the Bach& 
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the jacket, but draining the intermediate chamber; 26, with steam in 
the jacket, and draining the 
intermediate chaniht r; 3d, 
with the second c\linder 
only in action, witliout steam 
in the jacket; 4th, the same, 
with steam-jacketing. Sam- 
ple indicator diagrams are 
shown in figs. 252 and 253. 
The leading results are re- 
corded in table No. 117, in 
which the actual ratios of ex- 
pansion are stated, as fjivcn 
by Mr. Emery. The fuel, an- 
thracite was consumed at 
the rate of 8.84 pounds per 
square foot of grate; and 
9.13 pounds of water per 
pound of coal was evapo- 
rated from 92.5" Fahr. 

The compound receiver- 
engines ci the Rush have 
vertical cylinders, 24 inches 
and 38 inches in diameter, 
with a stroke of 27 inches; 
both of which are thorou;^hIy 
steam-jacketed, felted, and 
lagged. The net capacities 
of the cylinders are as i to 
2.509. The total clearance 

in the first C3dinder is 7.89 

percent; and in the second, 

5.85 per cent Results of 

performance are given in 

table No. 1 17. 

The single cylinder of 

the engine of the Dexter is 

inverted, 26 inches in diam- 
eter, with a 3-feet stroke, 

not jacketed, but thoroughly 

felted and lagged. The total 

clearance is 5.37 per cent. 

The single cylinder of the 

Dallas, also inverted, is 36 

inches in diameter, with a 

stroke o( 2j4 feet; it is covered with non-conducting composition, and 




No. 31 Diagrams.— Dcxler: Felted and Lajyted. 




No. 19 Di.isTains. — D.ilLi.' 
Figs. 353. — Iniikator Diagnuiis front the Bache, Kiuh, Dexter, 
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lagged. The total clearance is 8.02 per cent The steam is distributed by 
a short slide>valve, with adjustable cut-off plates on the back of it Results 
of performance of these two engines are given in table No. 1 17. 



Table No. 1x7. 

Work of Expanded Steam— American Marine Condensing Engines 
OF THE Backs, Rush, Dexter, and Dallas. May and August 1874. 



Stbamer: 
voBdiboa 01 CyoMMn. 

• 

s 


Cut-ofT 
a 


^ Actual R.itio of 
Expansion. 


Cu 


5 


c 

w. „ 3 
0 V e 

^■^ 

e 


c 

ii 

s 

7 


Weight of Steam per I. H.P. 
per Hour. 


liy Indicator 
1 St Cylinder. 


_ By Indicator 
• 3d Cylinder. 


_ Actually 
* Consumed. 




p. cent. 


ntia 


lb«. 


turns. 


feet 


H.P. 


ponods. 






Bache (WooU). 


















icytinders ifi in. and 35 in. ; KfolM ■ ft.) 




















Without stiam in jacket: — 


















23.76 




23- 1 


375 


90 


42.6 


170.4 


3S-S9 


15.41 


12.70 




— 


9.15 




— 


— 


55.93 










33-5 


^73 


9' 


477 


190.8 


49.85 


15.67 


12.31 


23.04 






6.66 








77.00 




— 





■? Ist cvliiidcr 




2.31 


88 




107. 2 


J J' J" 


15.37 


12.35 


23.21 






5.63 








85.81 


— 


— 





With steam in jacket: — 






















10.3 


6.91 


90.7 


38.9 


155.6 


22.85 


'4-55 


18.53 


25.11 


Both cvliiiders.. 




16.8c 








46.40 


— 


— 







22.9 


3.77 92.1 


48.2 


192.S 


40.87 


14.10 


15.76 


20.71 




- 


9.19 




— 


— 


77-45 


— 


— ■ 







31.8 


2.86 


93-6 


53-2 


2 12.8 


54.06 


14.97 


'4-77 


20.33 




— 


6.98 




~ 




99.18 













39-6 


=•35 


90.4 


56.3 


225.2 


58.09 


15.85 


15.25 


20.37 


Both cylinders 




573 








1 10.50 










39-8 


2.34 


90.3 




222.4 


60.56 






21.97 


Both cylinders 


— 


571 




— 




104.03 










45.2 


2.09 


89.5 


53.6 


214-4 


55-44 


14.85 


14-53 


22.38 




— 


5.10 




— 


— • 


102.26 
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1.74 


87.4 


60.0 


240.0 


65.91 


17.27 


16.21 


21.17 




— 


4.24 




— 


— 


•34-53 








Without steam in jacket:— 






















4-75 


11.82 


89.3 


37-3 


149.2 


4724 


21.03 




35.08 




9.6 


7.62 


91. 1 


44-9 


179.6 


7175 


17.76 




29.62 




'5-5 


5.32 


S7.7 


47.1 


188.4 


89.14 


17-35 




26.25 


With steam in jacket: — 






















4.2 


12.62 


89.2 


39-9 


159.6 


54.84 


16.42 




27.11 




8.1 


8.57 


90.5 


46.2 


184.S 


74.62 


15.58 




24.09 




16.3 


5.1 1 


91. I 


53-8 


215.2 


1 16.01 


16.25 




23.15 




437 


2.18 


42.0 


45-3 


181. 2 


66.74 


24.05 




34-03 


Rush (receiver). 




















(qrlinden 14 in. md 38 in. ; Mrake »}i ft. 




















Steam-Jacketed:— 






















36.0 


2.46 


82.3 


70.8 


318.6 


127.90 


17.14 


13.52 


18.38 






6.22 








266.50 










59.8 


1.60 


50.2 


55-5 


249.7 


63.70 


19.74 


16.94 


23. ID 






4-03 








168.70 
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Table No. 117 {coniinued). 



S 1 EAMEK -. 

Condition of Cyliaden. 





tfcxter I'singlc cylinder). 

{cylinder j'j in. , slr.ji;c j ft 

^.^^ed aod la^ed. 

22. Do. do 

23. Do. do 

24. Dql da 

Da do 

Do. do 



Dallas (single cylinder). 
{tySaAet jfi ia. ; Midie tX ft*) 

27. Felted and lagged 

2k Do. do 

29. Do. do 

Da da 

XHib da 



9 


•8 

's 8 

ll 

< 
3 


4 


1 iirnv per 

1 Minute. 


p> cent. 


vntio. 


1 Ua. 


turns. 


• S.3 


4.46 


80.4 


56.5 


23-3 


3.67 


79-3 


64.3 


24.8 


3-49 


79.2 


6i.i 


33.3 


2.72 


77.0 


72.8 


26.2 


3-34 


52.3 


SaS 


38.1 


2.42 


51.4 


55.2 


45.2 


2.08 


53.6 


6a7 


»3-3 


5.07 


46.9 


48.7 


19.7 


3-S9 


47.0 
46.6 


30.y 


26.4 


3-13 


61.5 


28.8 


2.94 


45-9 1 


64.5 


38.6 


'■'1 


394 


63.5 



V V 



Woght of Steaa LH.P. 
psr Hour. 



feet. 



385.8 



H.P. 



339.0185.87 



228.08 



366.6 2 1 8.97 
436.S 292.37 
304.8 124.27 
33I.2.161.85 
364.2 196.19 



243-5 137-96 
284.51 1 86.80 

307.5l22i.45 

322.5J242.81 

3'7-5i234-30 



a-o 

(J s 



pottixls. 



16.23 

17.24 
16.33 
18.54 
18.85 
18.66 
20.33 



19.20 
20.72 
20.06 
21.20 
22.76 



pounds. 



11 



10 



pounds. 

23.86 
24.12 

23 9' 

24.3' 
28.80 

28.94 

3'-79 



26 
26 
26.94 
28.90 
3a99 



In the Bache Woolf-receiver engine, having steam in the jacket of the 
second qrlinder, the most efficient action of the steam is secured with an 
admission of from 32 per cent to 40 per cent, Nos. 6 and 7 in the table, 

expanding from six to seven times. In the Rush rccci\ cr-engine, likewise, 
an admission of 36 per cent, Xo. 18, expanding six and a quarter times, is 
more efficient than one of 60 per cent admission. Here is a consensus of 
e\idencc that an admission of, say 35 percent, or say one-third of the stroke 
in the first cylinder, leading up to a total actual expansion of from six to 
seven times,'is the most efficient for working Uie steam. The ratios of the 
cylinders of these two engines are about tiie same, being 2440 and 2.509 
respectively; but the cylinders of the Rush arc larger and shorter in pro- 
portion to length than those of the Bache, whilst the maximum initial 
pressure in the Rush, 82.3 lbs. per square inch, is lower than that in tlie 
J-{ache, which is a mean of 92 lbs., at the same time that the back-pressures 
in the larger cyhndcrs are identical. The principal points of distinction 
between the engines are that the second cylinder only of die Bache was 
steam-jacketed, whilst both cylinders- of the Rush were jacketed, and the 
engine of the Rush was worked at a higher rate of speed than that of the 
Bache. Whilst it is a matter for doubt whether the relatively higher 
speed of the Ru.sh entwine materially influenced the result in its favour, 
the difference in the speeds may be set off ai;ainst the difference of initial 
pressures; and it may be concluded that the employment of the steam 
jacket on the first cylinder as well as on the second cylinder of the Rush, 
against the absence of a steam jacket on the first cylinder of the Bache, 
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led to the more efficient action of the steam in the Rush. In the Rush, 
1 8. 38 pounds of steam was consumed per indicator horsc-powcr, against 
20u$$ pounds in the Bache. 

In the Bache, No. 10^ it is true, cutting^ off at 55.4 per cent in the first 

cylinder, and cxpandinfr 4.24 times, the consumption of steam per indicator 
horsc-powcr was only 21.17 pounds against 22.10 pounds in the Rush, Xo. 19^ 
cutting off at 59.8 per cent, and expanding 4.03 times. Here, the Bache has 
the advantage of cutting off a little earlier and expanding a little more 
than the Rush ; and» accounting in this way for the better work of the steam 
in the Bache, it may be concluded that under all the conditions, the engines 
were in this case on a footing of equality in point of efficiency of steam, 
and that the absence of a steam jacket from the first cylinder of the Bache 
did not operate materially against the engine. This conclusion follows 
independently from the conditions, since, as was before determined, the 
steam jacket is of much greater value for the shorter admissions tiian for 
the longer ones. 

Working the second cylinder only of the Bache, No. 16, as a single 
cylinder, in cutting off at 16.3 per cent, and expanding 5.1 1 times, the 
steam used per horse>power is not much more than that used in the com- 
pounded cylinders. No. 9, with the same measure of expansion. That is 
to say, in cutting oft' at 45.2 per cent of the first cylinder, and expanding 

5.10 times into the second cylinder, 22.38 pounds of steam are consumed per 
horse-power, against 23.15 pounds in the single second cylinder expanding 

5. 11 times; the maximum total initial pressure In both cases being about 
90 lbs. per square inch. Plotting the results of Nos. 14, 15, 16, and 17 for 
the single second cylinder of the Bache, it appears that the consumption of 
water as steam per horse-power is practicall\' the same for 20 per cent as for 
16.3 per cent admission, with an c.xpansion-ratio in the former case of 4.33. 

Though the dift"crence here is small, it is in favour of the compounded 
cylinders, and it quickly increases for greater ratios of expansion. Taking 
the mean of the first two cases, Nos. 4 and 5, of the compounded cylinder, 
expanding to 16.85 tunes and 9.19 times respectively, the mean admission 
is 16.6 per cent, the mean expansion-ratio is 13.02, and the mean con- 
sumption of steam is 22.91 pounds per indicator horse-power. With the 
single second cylinder, No. 14, on the contrar)', cutting off at 4.2 per cent, 
and expanding 12. 62 times, the consumption of steam is 27.11 pounds per 
horse-power, or 4.20 pounds more than in the compounded engine. Again, 
the compounded engine, No. 5, cutting off at 22.9 per cent, and expanding 
9.19 times, consumed only 20.71 pounds of steam against 24.09 pounds in 
the single second cylinder, Na I5,cuttuig off at 8.1 per cent, and expanding 
8.57 times. 

From the evidence of these contrasts, it is clear that by the compounding 
of an engine in superadding a smaller cylinder to a given steam-jacketed 
cylinder, the efficiency of the steam is augmented, whether the smaller 
cylinder be steam-jacketed or not. The actual gains of efficiency may be 
here rec ap i tulated : — 
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Gain by Compounding. 



Cvumas. 


Cnt-off 


Expansions, 


Steam used. 




per cent. 




lot. 




4.* 


12.62 


27.H 


Compound, mean of Nos. 4 and 5 ... 


x6.6 


1302 


22.91 


Single, No. \^ 


8.1 


8.57 


24.09 




22.9 


9.19 


20.71 




16.3 


5" 


2315 




45-a 


5.10 


22.38 



Economy. 



Ita. 



4.ao 



3.38 



■77 



The contrast of efficiencies between the work of .steam in stcam-jackctcd 
cylinders, and the same cylinders deprived of steam in the jacket, is brought 
out in the following cases from tlie performance of the engine of tlie Baclie; — 

^eam in Jacket versus No Sieam in Jacket. 



Cow POUND CvuNons. 



Steam not in jacket, No. 1 

Steam in jacket, No. 5 

Steam not in jacket, No. a 

Steam in jacket, No. 6 

Steam not in jacket, No. 3 

Steam in jacket, mean of Nos. 7 & 8 

SiNGLK CVXIKDEBS. 

Steam not in jacket, No. 11 

Steam in jacket, No. 14. 

Steam not in jacket, No. 12 

Steam in jacket, No. 15 

Steam not in jacket, No. 13 

Steam in jacket, No. 16 



Cttt<«ff. 






percent 






23.1 


915 


23.76 


22.9 


9.19 


20.71 


33-5 


6.66 


23.04 


31.8 


6.98 


20.33 


40.5 


5-63 


23.21 


39-7 


5.73 


21.17 


4.75 


11.82 


35-08 


4.2 


12.62 


27.11 


9.6 


7.62 


29.62 


8.1 


8.57 


24.09 


15 s 


5-32 


26.25 


16.3 


5.11 


23.15 



3.05 

2.71 
2.04 

7-97 

5-53 
3.10 



For the single cylinder, the use of the steam jacket makes a great 
increase of efficiency in reducing the consumption of steam per horse-power, 
as ac^ain.st the absence of steam from the jacket. There is also a gain of 
efficiency by tlic same means witli the compound cylinders ; and, in both 
cases, the gain increases as the ratio of expansion is increased. But the 
gain is much less for the compound qrlinders than for the single cylinder — 
an unexpected comparative result which is due to the fact that only one of 
the compounded cylinders is jacketed, and also to the fact that the range 
of pressure and temperature is less in each of the compounded cylinders, 
between which it is distributed, and which are completely isolated from 
each other, than in the single cylinder. 
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The performances of the Dexter, not steam-jacketed, were made partly 
with higher maximum initial pressures, about 80 lbs. total, in Nos. 20 to 
23 ; and partly with lower pressures^ about 52 lbs. total, in Nos. 24 to 26. 
The first four, Nos. 20 to 23, are nearly alike in quantity of steam consumed 
per horse-power — about 24 pounds — althoufjh the periods of admission 
vary from 18.3 per cent to 33.3 per cent, and the expansions from 45^ to 
2.)^. In No. 24, at lower pressure, with an admission of 26.2 per cent, 
28.8 pounds of steam arc consumed per horse-power against, say, 24 lbs. of 
Steam for 24.S per cent admission at the higher pressure: makh^ a material 
difference in favour of the higher pressure. 

The Dexter shows, for equal admissions, lower consumptions of steam 

than the Dallas, which is also 
^ unjacketed. The most obvious 
difference of condition lies in 
the lower initial pressures in 
the Dallas than in the Dex- 
ter. There is also the differ- 
ence of proportion of the 
cylinders, of which that of the 
Dallas has a length of stroke 
less than the diameter, whilst 
the stroke in the Dexter is 
greater than the diameter. 
The second cylinder of the 
Badie^ also, has a stroke some- 
what less than the diameter, 
agreeing in this respect with 
the Dallas. It is found, ac- 
cordingly, that in working the 
second cylinder only of the 
Bache without steam in the 
jacket the consumption of 
steam in No. 1 3 trial, for 1 5.5 
per cent admission, is just a 
little less than that of the 
Dallas, No. 27. for 13.3 per 
cent of admission. That it 
should be less is in accordance 
with what is to be expected; 
and that Ihe two consumptions 
should be so nearly alike^ 
affords presumptive evidence 
that the consumption of steam 
has been affected to some extent by the proportions of the respective 
cylinders: that an unjacketed cylinder of which the stroke is less than tlie 
diameter, is less economical than one of a longer stroke. 
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The single-cytmder amdensing engine of the U.S, revenue stumer Gallatin, 
of about the same capacity, was tested to compare with the compound 
engine of Uie Rush, by Chief-engineer Loring and Mr. Emery, in December 



Table No. — Work of Expanded Steam: — American Marine Condensing 
EmsiNB OP THE Gallatin. December and January, 1874-75. 



EflbedTe Pkhui* in BgOar 

per square inch. 
Condition of CyHnider. 
(Cyliadcr, 34.* ia-: Sttokc, %% ft.) 



About 12% lbs. 

1. Jacket not in ' 

2. Dob 

3. Jacket in use. 

4. Do. 



Cut-off. 



per cent. 

46.3 
64.0 
46.8 
64.8 



5. Do. filled with) 

70-lb. steam ) ' 



Do. 



do. 



7- 
8. 

9- 
la 
II. 
12. 

13. 
14. 

19- 
20. 

at. 



About 40 lbs. 
Jacket not in use. 
Do. 
Do. 
Do. 
Da 
Do.* 

Do. 

Jacket in use 

Da 

Do 

Do 

Do 

Do 

Da 

Da 



62.6 



Actual 
Ratio or 
Ezpan- 

tion. 



ratio. 

2.01 

1,31 
2.00 
1.49 

1.80 

I.S4 



1 1.4 

»3-9 
22.0 

27.1 

53.6 

4»-3 
69.1 
throttled! 
10.5 

14.4 

'5-5 
17.2 
3S.I 

37-7 
41.6 



About 70 lbs. 

22. Jacket not in use. 

23. Do. 

24. Da 

25. Da 

26. Da 

27. Jacket in use 

28. Do 

29. Do 

3a Do. 

^T. Do. 

32. ^ 



17.3 
7.1 
12.3 
15.0 
18.5 
17.1 
8.0 
12.2 
14.8 

17.3 
18.9 



5.92 
5.21 

3-73 
3.16 
2.72 
2.23 

[ 141 

6.08 
5.07 
4.82 

4.49 

371 

332 
2.40 
2.21 



4.46 

7.78 

5.63 

4-94 
4.25 
4.50 

7-3- 
5.68 

4.98 

4.46 

4.19 



SS.-S 

llsr 



lbs. 

253 

237 
26.3 

24-1 

239 
24.9 



56.3 
52.8 
55.8 
51.8 
52.3 
50-3 

44-7 

58.0 

53-9 
S4.6 

547 

547 

52.4 

49-3 
50.4 



76.2 

83-4 
80.8 

81.7 
74.0 
77.8 

8vO 

83.3 
83-5 
81.7 
80.7 



Turns 

per 
Minute. 



tunu. 

40.05 
40.9 

41.3 
42.4 

41.1 
42.3 



43- 0 

44- 2 
5a8 
50.1 
56.0 
55.8 

52.7 

44.3 
46.1 

45- 9 
50.3 
49.2 
51. 1 

54-5 
58.2 



60.5 

52.3 
56.0 

59-9 
594 
oi.$ 

51. 1 
58.6 
61.2 
61.3 
68.7 



S ■ 

Sub, Indicator 
*5«5£ Hor« 
power 



feet 

200.2 

204.5 
206.5 
212.0 

205.5 
2II.$ 



H P. 

86.9S 
90.17 

9525 

97.87 

89.65 
102.91 



215.0 
221.0 
254.0 
2W.5 
2800 
279.0 

263.5 

221.5 
230.5 
229.5 

25>.5 
2400 

2555 
272.5 
291.0 



302.5 
261.5 
280.0 
299.5 
297.0 
307.S 

255-5 

293.0 
306.0 
306.5 

2435 



122.84 
127.20 
182.23 
182.36 
263.87 
23646 

219.46 

121.07 

137.50 

136.45 
163.25 

163.21 

185.19 

2 1 3.02 

255.01 



268.63 
185.09 
231.44 
279.57 
282.93 
281.65 
196.99 
270.39 
306.24 
29557 
347.98 



Weight of Steam 
I>cr I. H I', 
per hour. 



Bv 

iii.ii- 

cator. 



pounds. 

25.62 
29.71 
25.97 

32.57 
26.88 
28.9s 



17.89 
18.49 
18.28 
19.12 
19.48 
22.21 

26. II 

17.90 
17.23 

17.39 
1744 
17.19 
18.55 
19.04 
21.43 



16.94 
17.50 
17.01 
16.37 
16.95 
16.68 

1567 
16.72 
16.88 
18.14 
17.18 



.Xctually 

1.1 n- 
sumed. 

9 



pounds. 

40.37 
44.17 
33.34 

3740 

34.06 
34.86 



26.01 j 
26.70 I 
24.00 
26.32 

24.49 

28.10 

29.59 

22.94 
24.02 

22.39 
24.84 
23.17 
25.71 
25.29 
26.52 



24- 35 

25- 03 
23-77 
21.89 

23.99 
22.04 

20.49 
20.61 
2o.6>9 
21.42 
21.48 



and January, 1874-75.* There is one engine, inverted, with a thoroughly 
steam-jacketed and felted cylinder, 30.1 inches in diameter, with a stroke 
of feet The total clearance at each end amounts to 6.60 per cent 

^/mm^tftiklHiMin fmiihat, roL bad. page loa; 1876. 
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Steam for the jackets is conducted through a felted pipe to Uie upper part 

of the cavity in the cylinder cover. This cavity is connected by a second 
pipe from the bottom of the cavity to the side jacket, which is one with the 
jacket of the lower cover, from which the condensation-water is blown into 
the hot- well, through a regulated valve. There is a short slide-valve, 
cutting off at two-thirds, and an expansion valve on the back of it The 
pressure in the boiler was fixed successively at i2}4 lbs., 40 lbs., and 70 lbs. 
effective pressure per square inch, for the purposes of the trials. The table, 
No. 118, contains the leadii^ results of these trials. Sample indicator 
diagrams arc shown in ficfs 2^4, page 556. 

To compare the consumption of steam per horse-power with different 
pressures in the boiler, and corresponding maximum initial pressures in the 
cylinder, when the cyhndcrs are steam-jacketed: — 



Steam Camumed for Diffaxnt Pressures. 





EflTcciivc Pres- 


T<'t.il Nt <\imtim 


Per Cent 








sure in Boiler. 




Cut OtL 






No. 3 


izy^ lbs. 


24.3 lbs. 


46.8 


2 


33-34 


Na 21 


40 „ 


50-4 » 


41.6 


2.21 


26.52 












difference, 6.82 


No. 14 


40 lbs. 


58 lbs. 


las 


6.08 


33.94 


Na 29 


70 „ 


85-3 » 


13.2 


S.68 


30.61 












difference, 3.33 


Na 17 


40 lbs. 


54-7 Ihs. 


17.2 


4.49 


24.S4 


Na 31 


70 » 


81.7 „ 


17.3 


4.46 


31.43 












diffisrenoe, 3.43 



Here it is shown that the steam is worked with a greater degree of 
efficiency at the comparatively h^her pressures. 

The influence of the higher pressure of steam in the jacket, — yo lbs. 
effective, in place of 12]4 lbs. steam from the boiler, is shown, in comparing 
Nos. 4 and 6 trials, to lead to the reduction of the steam per horsc-powcr 
per hour from 37.40 pounds to 34.86 pounds, in cutting off at 64.8 per cent 
and 62.6 per cent; making a diflference of 2.54 pounds, or 6^ per cent 

The most' effective admissions appear to be 15^^ per cent with 4.83 
expansions, for 40 lbs. steam; and from 8 per cent to 15 per cent, with 
7.32 to 5 expansions for 70 lbs. steam, consuming 20% lbs. <]S steam per 
horse-power per hour. 

This result may be compared with the best performance of the Rush, 
No. 18 in table No. 117, where it appears tliat for 6}^ expansions, in 
cutting off at 36 per cent in the first c}'lindcr, with 82.3 lbs. initial pressure, 
18.38 lbs. of $t«mi are a>nsumed per horse-power per hour. The difference 
in favour of ^e compound engine of the Rush is more than 2 pounds of 
steam, or ia3 per cent This deduction is the more conclusive since the 



Digiii<ica by Cjt.)0^lc 



PRACTICAL EXPANSIVE WORKING IN COMPOUND CYLINDERS. 559 



proportions and capacities of the cylinders are nearly alike. The stroke in 

each case is los than the diameter, and the net capacities are 7.10 cubic feet 
for the Gallatin, and 7. 1 3 cubic feet for the second cylinder of the Rush. 
The average back-pressure in the Gallatin was 3.92 lbs. total pressure 
against 3.44 lbs. in the sccoml cylinder of the Rush. 

When the steam was not admitted into the jackets, the engine of the 
Gallatin consumed a greater quantity of steam than when steam was 
admitted. With 12^ lbs. steam in the boiler, the use of the steam-jacket 
led to a reduction of about 7 pounds of steam per horse-power, or about 
17 per cent of the steam consumed, when tliere was no steam in the j acket 
For the higher pressure, 40 lbs. in the boiler, the consumptions of steam 
were from 26 pounds to 28 pounds without steam in the jacket; and from 
23 pounds to 261-2 pounds with steam, makin^^ a reduction of from 3 pounds 
to lya pounds, or from H}4 per cent for the greater expansions to 5^4 per 
cent for the less expansions. For 70 lbs. steam in the boiler, a reduction 
of from 4}i pounds to2}4 pounds was effected, or from 14 per cent to 10 per 
cent for die greater and the less expansions respectively. The lowest rate 
of consumption without steam in the jacket (Xo. 25), is 21.89 pounds of 
water from the boiler, cuttini; otf at 15 per cent, with 4.94 expansions, and 
81.7 lbs. total maximum pressure per square inch in the cylinder. 

The compound engines of tiie French naval steamer Cher were subjected 
to experiment at Cherbourg in 1866. The results of the experiments 
were investigated by Mr. Isherwood.^ The engines have three horizontal 
cylinders of equal diameters, 43.30 inches, and equal strokes, 1.64 feet; 
connected to one crank-shaft: — the two outer cylinders by cranks at 90°, 
and the middle cylinder by a crank at 135 with each of the two outer 
cranks. The ratio of the first to the two others, in net capacity, is 2. 
The steam from the boiler is cut off at 88 per cent of the stroke of the 
middle cylinder; whence it is expanded, through the receiver, into the 
two outer cylinders simultaneously, in each of which it is cut off at 78 per 
cent of the stroke: From thes^ the steam is exhausted into surface- 
cond«»l8enL The admission to the middle cylinder could be varied by 
means of an expansion -valve. The steam is not cushioned or com- 
pressed in any cylinder. The cylinders are not steam-jacketed; but the 
steam is superheated. The experiments were made, 1st, with a constant 
pressure in the boiler, and various degrees of expansion, with free ad- 
mission of steam; 2d, with a lower constant pressure in the boiler, higher 
degrees of superheat, and various degrees of expansion; 3d, with steam 
of different pressures in the boiler, and the same degree of expansion, 
without throttliiv,^; 4th, with different dci^recs of throttling,' ; 5th. with 
saturated steam admitted to the end cylinders only, worked as single 
cylinders. Selected results of the trials, excepting those for throttling, 
which have no significance, are given in table No. i ly. Of these Nos. i and 5 
are identical with Nos. 9 and 11 respectively. 

* See Mmutis oj J'ro«cdin^s of tfu Institution oj Civil Ln^murj, vol. liv. page 335. Also 
Jmmal 0/ tki FhuikU» InttUmli, J11I7, Aii^ut, 1878; pages 1, 73. 
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By the tabic it appears that the most economical expansion-ratio in 
the engines of tiie Cher, for both tiie maxifflum and the medium boiler 
pressures, is about 3^, the steam beii^ cut off at 55 per cent in the first 
qrlinder. These two values are means of Nos. 2 and 3, and Nos. 6 and 

7; but the economy is nearly the same for expansion-ratios of 3.21. and 
3.78, and it may be taken that the maximum economy belongs to expan- 
sion-ratios of from 3)4 to 33^'. The steam was not sufficiently superheated 
to prevent its passing into the second cylinder in the saturated state. On 
the contrary, the temperature of the steam in the receiver, between the 
first and middle cylinder, and the second or outer flinders, was found 
to be that due to the observed pressure for saturated steam. The steam 
had, therefore, when it reached the receiver, parted with the superheat, and 
had become, in fact, saturated. But this evidence is not needed to prove 
the fact of an early reduction of the steam to a state of saturation, sceint^ 
that while yet the steam was in the first c\'lindcr, the weic^ht of sensible 
steam at the point of cut-off, column 1 1, taken as saturated, was consider- 
ably less than the weight actually consumed, column 12: a proof of initial 
condensation. 

The evidence of the table, so far as it goes, clearly shows that the 
higher the working pressure, the more economical is the performance. In 
Nos. 9 to 1 2 trials, this relation is proved, even though the steam is at the 
same time superheated to a higher degree for the lower pressures. 

In the trial, No. 13, made with saturated steam in tlie second cj linders, 
as single, the consumption of steam, 33.7 pounds per horse-power, is far in 
excess of the consumption in the compounded flinders of tiie same 
engine, which, in the case of Na 5, with equal boiler-pressure, though 
with greater expansion, is only 25.1 pounds. 

Several Woolf beam pumping engines were tested by Mr. J. G. Mair, 
who, in his paper on "The Independent Testing of Steam Engines,"* 
publishes the results of several trials, conducted by him, of these com- 
pound engines, for which the averaged indicator diagrams are given in 
255> 256. He exhaustively analysed the results of these trials. Some 
of the restdts are given in table Na 120, following. 

Triais B, C — Woolf beam rotative engine, made by Simpson & Co^ 
wc^king a deep-well pump direct from the beam. The cylinders are 
22 inches and 34 inches in diameter respectively, with strokes of 3 feet 
7 inches and 51^ feet; and are thoroughly steam-jacketed. There is 
a long slide with the equilibrium passage in it, and expansion-plates on 
the back, worked by excentrics. 

Trials D, E, A Woolf beam engine, driving a flour mill, made by 
Simpson & Co. The cylinders are 24^ indies and 38 inches in diameter 
respectively, with strokes of 3 feet 5 inches and $)4 feet; steam-jacketed 
on the sides only. The slide with cut-off plates on the back, for the 
first cylinder, and a piston-valve- for the second cylinder, are worked by 
excentrics. 

^ S«e foot-note, page 522. 
Vei. L M 
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Trials G, H. — A horizontal Woolf tandem engine, not jacketed, made 
by Pollit and Wiijzell, having cylinders \iY^ inches and 28^ inches in 
diameter respectively, with strokes of 4 feet 3 inches. There is a single 




Woolf Beam Engine, D. Same EnginCi E. 

Figv 155. — Indicator Diagrams from Woolf Engine*. J- G Mair. 



slide on the first cylinder, with adjustable cut-off plates on the back. The 
load on the cninnc was light when the two trials recorded were made, and 
tlie steam was much \\iredrawn. 

Trial J.-^Th^ results of this trial, already discussed at page 535, with 
indicator di^ams, are repeated in the table as given by Mr. Mair. There 
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are one or two slight differences between the two records, arising from the 
fact that Mr. Mair brought into the calculaticm the space occupied by the 



piston-rod, which was not allowed for 
in the author's discussion of the results. 
The engine is a compound beam re- 
ceiver-engine. The cylinders are 21 
indies and 36 hiches in diameter re- 
spectively» with a stroke of 5^ feet 
The cylinders and the receiver, on 
Cowper's system, are steam-jacketed, 
except the covers of the first cylinder 
and the receiver. The cranks are at 
right angles, and two low-Hft plunger 
pumps are driven direct from each of 
the beams. There are two slide-valves, 
one at each end of the ^linder, with 
adjustable expansion-plates. Two trials 
were made, exactly alike, of which the 
results of one are given. 

In the table No. 120, particulars of 
the cui^mcs arc given in columns i 




to 6; the state of the jacketing in wwif B«am Engine, f (same as D, £ 1. 




WoatfTiadMn Eagjae, G. Sum En^ne^ H. 

F^t9&-lBdicMar]HMinuufiMBWooirBngin«. J.aifdr. 

column 7; the net pressure in the boiler in column 8; the cut-off, or period 
of admission in the first cylinder, in column 9; the actual workmg ratio 
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of expansion in column 10; the total actual ratio of expansion in column 
1 1. The net actual or working ratio of expansion, column 10^ is deduced 
from data given in the paper, it being here assumed that the free inter- 
mediate expansion in theWoolf and tandem engines was in the ratio of 
I to r.20. The total expansion, column 11, has been divided by 1.20 to 
find the total working expansion, in column 10. The total maximum 
pressure in the cylinder, column 12, and the total initial pressure for 
expansion at the cut-ofT, column 13, have been measured from the indicator 
diagrams. Columns 14, 15, and 16 are obvious. Column 17 contains the 
weight of dry saturated steam per indicator horse-power, and the contents 
of column 18 are calculated from them according to the gh^ percentages 
of priming. 

The lowest consumption of steam is exhibited by the receiver-engine J. 
It surpasses all the Woolf engines in this respect. Of these, two are 
but partially steam-jacketed; but the first engine B, C, is, like J, thoroughly 
jacketed, and cuts off at the same point of the stroke, 21 per cent; yet it 
consumes 17.34 pounds of steam per indicator horse-power, against 
14.84 pounds by engine J, the employm^t of tiie receiver in m^di, com- 
bined with the steam-jacketing of it. is most probably the cause of the 
greater efficiency. Comparison of Woolf engines C, and D, E, is compli- 
cated by wiredrawing in D, E, which, in connection witli higher maximum 
pressures, aids in procuring nearly the same degree of efficiency in trials 
D, £ as in trial C, although the ratio of expansion in the first cylinder of 
D, E is much less than in C; and although, also, the cylinders are not 
completely jacketed in D, E, a greater quantity of steam was used in trials 
G, H, with jacketless cylinders. 

The results of the trials B and F, without steam in the jackets, show, as 
usual, higher rates of consumption of steam than when there is steam in the 
jackets, as follows: — 



C, Wodf— steam in jackets 1 7.73 lbs. per I.H.P. 

B, Da — no steam in jackets 28.88 „ „ 

Excess X1.15 

E, Woolf — steam in jackets (sides) 17 83 „ „ 

F, Da — no steam in jackets 19.72 „ „ 

Excess X.89 



There has evidently existed an exceptional cause .of the large excess of 

steam used in the B trial. One reason for less steam having been used in 
trial F than in trial B, is that the cylinder-pressures in trial F were the 
higher. For the same reason, apparently, a greater quantity of steam was 
used in trials G and H, with jacketless cylinders. 
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Chapter X. • 

GENERAL DEDUCTIONS FROM THE FOREGOING DATA 
OF THE PERFORMANCE OF STEAM ENGINES. 

I. STEAM BROUGHT INTO EVIDENCE BY THE INDICATOR DIAGRAM. 

In summarizing discussions in the last two chapters, the first 
deduction of importance is the fact that in certain instances of thoroughly 
steam-jacketed cylinders, the whole of the steam passed into the cylinder 
has been broug'ht into evidence by the medium of the indicator diagram: — 
namely, tlie steam that is admitted, expanded, and passed right through 
into the exhaust passage, the steam that is condensed and re-evaporated, 
and the proportion of steam of which the heat is liberated by condensation 
during expansion and converted into work. Thus is efTectually exploded, 
the hypothesis entertained by Zeuner and others that there is a quantity 
of water constantly in the cylinder which alternately receives heat from 
the steam admitted, and evolves it. In the case of the use of superheated 
steam, the superheat, also, is brought into evidence, in two modes: — by the 
conversion of this heat into work, and by the adiabatic character of the 
expansion<€urve of pres8tire» for which ths equaticm is given at page 495, as 
that of the adiabatic expansion of gaseous steam. The adiabatic curve, and 
thence the evidence of supefheat in the steam, has been effectively exempli- 
fied in the indicator diagrams of the Great Britain and other inside-cylinder 
locomotives, as discussed in pages 495 and 496, and shown in table No. log 

In the investigation of the performance of the Porter-Allen engine using 
superheated steam, pages 502 and 503, it has been shown that the work-heat 
of expansion, for one stroke of the pistcm, 13.19 units, was contributed to 
the extent of 2.10 units by superheat; 3.68 units by constituent heat set 
free, being the difference of the constituent heats of the two quantities of 
steam at the initial and the final pressures of expansion ; and 641 units by 
the condensation of expanding steam. The steam thus condensed, to 
provide 6.41 units of heat for one stroke, weighs .0066 pound, and, added 
to .1240 pound, the sensible expanded steam, makes up .1306 pound of 
steam brought into evidence by the indicator; or, after deduction of steam 
compressed, within 1.44 per cen^ by excess^ of the measured weight of 
water as steam actually consumed. 

Applying a like calculation to the results of the performance of the 
pumping engines of the East London Water-works, table No. 1 1 3, page 5 12, 
there is a considerable balance of water as steam actually consumed, not 
brought into evidence by the indicator. The discrepancy has already, 
page 5 14, been ascribed to the incomplete jacketing of the cylinders, and 
the ddicient recuperative action of the cylinder in re-evaporating condensed 
steam. 

A like deficit takes place in the calculations for the three Corliss and 
Wheelock engines, page 515, in which, when condensing, about 81 percent 
only has been brought into evidence by the indicator, and an average of 
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about 89 per cent, when non-condensing — resulting from tlie absence of 
steam-jackets. 

The work of the condensing engine of Haussmann & Ca, using super- 
heated steam, pages 520 and 521, affords instructive contrastSb When the 
steam had been sufficiently superheated, the whole of the steam actually 

consumed was, substantially, brought into c\'idcncc by the indicator; but, 
when the steam was saturated, the cylinder not havinj,^ been steam-jacketed, 
there were large excesses of unrestored steam — steam not brought into 
evidence by the indicator. 

Turning to tiie compound engines^ in the condensing Woolf beam 
engine of Biyan Donkin & Co., the net steam consumed in the cylinder, 
brought into evidence by the indicator, calculated from a single set of 
diagrams, page 527, was at the rate of 20.30 pounds per indicator horse- 
power per hour, whilst the average measured consumption was only 
18.50 pounds. The difference by excess is, as it happens, on the .side of 
tlie indicator, incidental to tlie fact that the diagrams are but a single set 
The whole of the steam consumed is thus put in evidence^ with a margin, 
and for an actual expanaon-ratio ranging up to 9.276 times, or a total 
expansion-ratio of 1 1.592. 

A like excess of evidence by the indicator, in a single set of diagrams, 
was observed in the case of the Hele compound engine, made by Bryan 
Donkin & Co., page 531, the indicator showing a consumption within the 
cylinder of 21.67 pounds of steam per indicator horse-power per hour, 
^;ainst 18.76 pounds as measured. The discrepancy is due, no doubt, as 
before, to tiie incidental deviation of the special conditions under which the 
diagrams were taken, from aver^ conditions. Otherwise, of course^ thqr 
would have proved too much. 

In the Woolf pumping engines, by Simpson & Co., at Thames Ditton, 
page 533, the steam-jackets were ineffective; and the cylinders acted 
almost as unjacketed cylinders. Accordingly, the indicator brought into 
evidence only 17.15 pounds of steam per indicator horse-power per hour, 
out of 22.62 pounds consumed from the boiler, in addition to what passed 
through the jacket Here is a large deficit,— 543 pounds, or 24 per cent of 
the steam passed into the cylinder permanently condensed. 

The receiver compound beam engines, by Simpson & Co., at Thames 
Ditton, page 535, steam-jacketed, were worked with the jackets in full play; 
and the quantity of steam brought into evidence by the indicator, as having 
passed into the cylinder, amounted to 13.01 pounds per indicator horse- 
power per hour, against 13.17 pounds of dry steam actually delivered from 
the boiler, and passed through the cylinders, differing by little over I per 
cent In diis case, the evidence is of the greater value, as the diagram 
given is the carefully drawn average of a great number of diagrams taken 
in the course of the test. 

A similar close coincidence between the calculated and measured 
quantities of water as steam passed into the cylinders, is proved in the case 
of the compound beam pumping engines, by Mr. Leavitt, at Lawrence, Mas- 
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sachusetts, page 540: — 13.91 pounds against 14.06 pounds, including jacket- 
steam, per indicator horse-power per hour,— w itliiii i percent of each other. 

It is a significant fact that the whole of the steam passed into the 
cyh'ndcr, as deduced from actual measurement of feed-water, can be brought 
into evidence b\' means of the indicator dia;_,nam, in the manner exenij)liticd 
in the several instances above cited. It is demonstrated thai, by the 
instrumentality <^ the steam-jacket, or by direct superheating of the steam, 
heat can be supplied in quantity sufficient to prevent, or at least to mitigate 
initial condensation in the cylinder, and to re-evaporate the whole of such 
steam as may thus be condensed, independently of what is condensed in 
yielding work-heat during expansion. Where, on the contrary, the steam- 
jacketing is iusulhcicnt, or is not applied at all, and the steam is delivered 
into the cylinder in the saturated state, there is, for considerable degrees 
of expansion, a large permanent deficit of steam, the quantity of steam 
brought into evidence by means of the indicator being, to an important 
extent, less than that which is delivered into the cylinder. Here is a 
contrast which goes to prove that the large deficits occasionally observed 
arc not necessarily caused by leakage of steam at the pistons or the valves, 
since the same cause uould, if real, effect the same deficits of superheated 
or steam-jacketed steam, — deficits which, as a matter of fact, it has been 
shown do not take place. 

- II. ECONOMY OF EXPANSIVE WORKING UNDER VARIOUS CONDITIONS:— 

SINGLE CYLINDERS. 

Si^gU Cylinders with Superheated Steam, Non-condensing. — It has been 
shown, page 496, that in the Great Britain and other inside-cylinder 
locomotives in which the cylinders and the steam-pipes were suspended in 
and enveloped by the hot gases in the smoke-box, the cylinders became 
highly heated, and the steam from the boiler became superheated, and as 
such expanded adiabatically in the qrlinders. 

In the Porter-Allen non-condensing engine, page 501, in which the 
steam was superheated to the extent of 35^5 F,, the eaqiansion partook of 
the adiabatic character, alternate condensation and re-evaporation having 
been much less active than they would have been if saturated ste.iin had 
been delivered into the cylinder. The comparatively great consumption of 
water as steam in the Porter-Allen engine, cutting off at 11 per cent, shows 
that this was not tiie most economical point of cut-oflf. 

In M. Him's engine, page 520^ cutting off at 28.7 per cent, non- 
condensing, the net pressure at cut-oiT was only 34 lbs. per square inch, 
and 30.65 pounds of steam superheated 130° F,, was consumed per indicator 
horse-power per hour. The high rate of consumption arises from the low 
net pressure, above the atmosphere, together with a low ratio of expansion. 

The results from the Great Britain — that is, the water consumed per 
indtcator horse-power, page 497 — may be taken for a standard of economical 
performance for non-condensing engines, the pressure being high, and the 
steam being suffidently superheated to obviate alternate condensation and 



Digiii<ica by Cjt.)0^lc 



GENERAL DEDUCTIONS FROM THE FOREGOING DATA. 



fe-evaporation in the cylinder. Plotting the results to a base-line for the 
stroke, with ordinates for the weights of steam consumed for the several 
periods of admission set off on the base-line; and tracing a medium curve 
throii .;h the upper ends of the ordinates, the following is the equation of 

the curve: — 

«r«l6 + .lo« + .ooi4<7- (i) 

a = Period of admission, as a percentage of the stroke. 

w a Water as steam consumed per horse-power per hour, in pounds. 

The table, No. 121, contains a selection of data measured off the 
plotting curve, for which the equation ( 1 ) may be taken as representative 
of the efficiency of superheated steam in well-protected cylinders, non- 
ccmdensing, worked widi the ordinary slide-valve, with steam of 100 lbs. 
effective pressure per square inch in the boiler, and, say, a maximum 
effective pressure of 80 lbs. per square inch in the cylinder. 

Table Na isf. — Simglb Cylindbrs, well Protected and Heated, 

NoN-OONDENStNG: — CONSUMPTION OF SUFERHEATSD StEAU. 

Net Pionue in Boiler, loa Ibi. per square inch; net maximum Pnmiic In Cjrttnden, 80 lbs. 

per square inch. 

Great Britain Locomotive. 





Actua! Ratio, of 

Expan'.iuii, 
reckoned to the 
E^orth«Strah«> 


Water as 5?team 
coinumcd per 
Indicator Uor«e- 
paw p«r bow; 


per cent* 


ndo. 


poonds. 




3-91 


18.5 






19.4 


30 


3.87 


20 




3.65 


30.5 


35 


2-53 


21.2 




2.a6 


22,25 




1.86 






1-59 


27 




1.44 


29 




».39 


30 




1.30 


31.5 




1.23 


33 



Single Cylinders, not Steam-jacketed, Non-condensing. — The plotted results 
from the locomothw engines, Nos. 42 and 48, C.R., yield the consumption 
of water as steam given in table Na 122. They are not direcdy com- 
parable with those of the Great Britain, unless allowance is made for the 
difference ruling pressures. 

The average results of the three American engines, Corh'ss and Wheeler, 
when non-condensing, page 515, show that for an admission of 15.5 per 
cent, expanding 5.81 times, 23.79 pounds of water as steam was consumed 
per horse-power per hour, with 104 lbs. net maximum pressure In the 
cylinder, and 29.36 lbs. per square inch, effective mean pressure. This, 
as an economical result; does not compare favourably with those in the 
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tabic, considering the much higher pressures employed in the American 
engines; and it is clear that the admission, 15.5 per cen^ is much below 
the admission for securii^ maximum ec<»omy. 

Table No. 122. — Single CvuNDSRSy Unjackxtid, Non-condensing: — 

CoMsuMFnoK or Stbam. 

Net Preaun in Boiler, 80 Ibi. per iquare inch ; net maximom Pieeniie in Cylinder, about 60 Ibe. 

per square inch. 

C.K., Nos. 42 AND 48, Locomotives. 



Period of AdmiMion or Cut-ofll 


Actual Ratio of 

Expaiuion, 
reckoned to the 
BBdarthtSlrak*i 


Water a» Steam 

C-Kisumcd per 
Indiouor UotM- 
powir par hour. 


perent. 

40, or two-fifths 


ratkx 
2.62 

2-33 
1.91 
1.62 
1.46 


a6* 

27 

29.5 

3a 

34-5 





Sifii;^/t: Cylinders, Stcain-jackeUd, N on-cotidcnsing. — The results from port- 
able engines, page 499, show what can be done for small cylinders by 
steam-jacketing them. But the scope of the observations for high maxi- 
mum pressures in the cylinder, of from 72 lb& to 77 lbs. per square 
inch, is limited to 32 per cent of admission. The mean of tiie results 
of Nos. 1 1 and 15 engines, may be taken as the most economical- 
showing an admission of 20 per cent, or onc-tifth, and a consumption 
of 25 pounds of water as steam per indicator horse-power per hour. The 
consumptions of water as steam for lower maximum pressures are much 
h^her dian this. These results are to be taken as for qrlinders of small 
size — 8 or 9 inches in diameter. 

Sittgle Cylinders wi0t Sl^erkeated Steam, Condensing. — ^The results from 
M. Hirn's engine page 520, and the engines of the Cher, page 560^ in 
both of which superheated steam was used, are as follows: — 





Cylinder, 
Diameter and 
Stroke. 


Coating. 


Super- 
heat 


Cut-off. 
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Tout Maxi- 
mum Pressure 
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PrrsNLirc. 

per (q. inch. 
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pounds. 


Him, No. 5 


23^X67 


lagged 


«5 


16.3 


5.84 


66.64 


55-64 


16.16 


Do. No. 3 


»» 


)i 


121 


21.4 


4-51 


63.28 


58.88 


15.69 


Do. No. I 


t> 


i> 


150 


25-7 


3-75 


69.35 


60.3s 


15-63 


(corrected 1. 
















Do. No. 4 
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45-4 


2.18 


64.79 


3 2- 79 


18.33 


Do. No. 7 


II 


<i 


130 


45-4 


2.18 


3732 


24.82 


18.40 


Cher 


43-3 lagged 


12.5 


78.0 


1.26 


32.80 




33.70 



The high consumption in the Cher shows that the small extent of 
supeilieat, 12^ degrees, had not much influence in economizing steam. 
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It was due, in part, to the lowneiis of the maximum pressure; and, no 
doubt, also, to the extreme shortness of the stroke of the cylinder. But the 
superheating of Steam in Him's engine 150 degrees, in cutting off at 
257 per cen^ has limited the consumption to 15.65 pounds per horse- 
power per hour. In cutting off at 314 per cent; and superheating only 
121 degrees, an equal consumption, 15.69 pounds, was attained. The 
most economical period of admission is from 20 per cent to 25 per cent, 
with an actual ratio of expansion of from 4^ to 3-^4. For this admis- 
sion, with a maximum pressure of, say, 65 lbs. per square inch, and with 
150 degrees of superheat tiie consumption is, say, 15^ pounds of steam 
per indicator horse-power per hour. 

Single Cylinders^ not Steam-Jacketed, or with SUamless Jaekets, Condm' 
stnj^. — ^The engines of Corliss and Whcclcr, page 516; Him, page 520; 
tlie Bache, page 552; the Dexter, the Dallas, and the Gallatin, paeyes 
553 and 557, supply instances of performance of condensin;.^ cni^ines, 
which are either not provided with steam-jackets, or are worked for the 
occasion witliout steam in the jackets. The results are collected in the 
following tablet: — 



Sifi^/i Cy/inders, not Steam-jaduted^ Condensing. 



Bmohib. 


Cylinder, 
Dumeter and 
SuoIm. 




Acnial 
iMio. 


Total 

Maximum 
Pre^iure in 
Cylinder per 
tqiUM ian. 


Total Cut-off 

PttMIU'C 

ptr iq. inch. 


Water 

as Steam per 
lodicator 

HofMr-power 
perhbur. 


Corliss .'v- \Vheeler, ) 


iu. iu. 


per cent. 


ntio. 


lbs. 


Itw. 


pound*. 




6-95 




98.4 




18x48 




104.4 


19.58 






16.3 


5-84 


61.5 


54-5 


1993 


Do. No. 2 (ccMKCted) 




25-7 


3-75 


59° 


53-7 


22.41 


Mair, M 


32 X 66 


24.6 


384 


54-5 


4S-7 


26.46 




25x24 


475 


11.82 


893 




3508 






9.6 


7.63 


91. 1 




29.62 






15-5 


5-32 


87.7 




26,25 




26 X 36 


18.3 


4.46 


80.4 




23.86 




1* 


233 


367 


79-3 




24.12 




f» 


24.8 


3.49 


79.2 




2391 


Do. No. 24. 


»» 


26.2 


3-34 


52-3 




28.80 


Do. No. 23 


>• 


33-3 


2.72 


77.0 




24.3» 


Do. No. 25 


» 


3«-i 


S.42 


Si-4 




38.94 


Do. No. 26 




4S-« 


2.08 


53-6 




31-79 




36 X 30 


>3-3 


5-07 


46.9 




26.69 




1* 


19.7 


3-89 


47.0 




36.96 


Do. No. 29 


» 


26.4 


313 


46.6 




26.94 




l» 


28.8 


2.94 


45-9 




28.90 




n 


38.6 


2.32 


39-4 




30.99 




30.x X 30 


71 


7.78 


834 




25.03 






12.3 


5-63 


80.8 




2377 




» 


15.0 


4.94 


81.7 




21.89 






17-3 


4.46 


76.2 




a4-35 




» 


x&s 


4.aS 


74.0 




33.99 
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The comparatively low maxifnum pressures in die Dallas lead to 
greater consumptions of steam than in the Dexter or the Gallatin. The 
Dexter itself supplies contrasts of this kind. Thus, for Nos. 22 and 24 of 

the Dexter, cutting off at about 25 per cent, having about 80 lbs. and 
52 lbs. total maximum pressures respectively. No. 24 consumed 5 lbs. more 
steam th<in Xo. 23. 

The ranges of admission in the short -stroke cylinders for the greatest 
efficiencies are considerable. The Dexter, for admissions ran<^ing from 

18.3 per cent to 33.3 per cent, uses practically equal quantities of steam 
per horse-power. So does the Dallas, ranging from 13.3 per cent to 

26.4 per cent admission. In the Gallatin, for admissions ranging from 
12.3 per cent to 18.5 per cent, the consumption of steam fluctuates from 
23.77 pounds to 21.89 pounds and 23.99 pounds. 

The long-stroke cylinders of Corliss & Wheeler, and Hirn, show nearly 
equal consumptions of steam, 19.5S and 19.93 pounds respectively, cutting 
off at 12.5 per cent and 16.3 per cent These results are here summarized: — 

Single Cylinders^ twt Stcam-jackdcd^ Condensing: — Summarized Results, 



Emcinb. 



LON'G-STKOKE. 

Corliss & Wheeler (average). 

Him 

Shokt.«trokk. 
Bache 



Dexter, Nos. so, 31, S2, 33.. 
Dallas, Nos. 37, 28, 99 



Cj-linilcr, 
Diameter and 
Stroke 


Cut-off. 


Total Mavi 
mum Prc&- 

iqaafenck 


\\',.tcras Steam 
\Kt Indicator 

pcrhMT. 


inv ins. 
18x48 
23^^X67 


percent. 
12.5 
16.3 


104.4 
61.5 


pounds. 
19.58 

>9-93 


25x24 

36 X 36 1 
36 X 30 1 
30.x X 30 1 


18.31033.3% 
average 35% 
13.3 to 26.4% 
average 19.8% 
12.310 18.5% 
avenge 15*8% 


87.7 
} 79.0 
1 46.8 

} 78.3 


36.35 

36.86 
33.50 



If in the I lirn cylinder steam of as high a maximum pressure had been 
used as in the Corliss & Wheeler cylinders it would probably have worked 
with as low a consumption as these; and, further, 16.3 per cent admission 
in the Hirn cylinder is decidedly more efficient than 25.7 percent in the 
same cylinder, and than 24.6 per cent in Mr. Mair's No. 3 test, with a long- 
stroke cylinder. 

It is inferred that, upon the whole, an admission of from 15 per cent to 
20 per cent for such long-stroke qrlinders is the most efficient for economy 

of steam. 

The following, in table No. 123, arc approximately the quantities of 
steam consumed for thfe most economical periods of admission, and the 
particular maximum pressures stated, averaged. Long-stroke engines are 
taken to be such as have strokes longer than two diameters. Short-stroke 
engines are such as have strokes less than two diameters. 
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Table No. 133. — Single CvLiNDUts, not Stbam-jackbtbo, Condensing: — 

Grbatbst Etficisncy. 



CVUHBO. 




Maximum Total 
Pressure per 
square inert in 
toe Cylinder. 


Steam Consumed 
per Indicator 
Hor»«-p«weT 
per hour. 




per cent. 


lbs. 


pound*. 




15 to 20 


80 


20 




15 to 95 


73 


35.3 



Sing-tt- Cyiifidcrs, Stcavt-jackcted, Condensing. — Of the Allen engine, 
page 504, the Sulzer engine, page 514, the Hache, 2d cylinder, page 554, 
the Gallatin engine, page 557, Mr. Mair's engines, page 523, and tlie Kast 
London engines, page 512, each using saturated steam* the particulars of 
performance are here grouped together: — 













Total 


Total 


Water 




Cylinder, 


Steam- 




Actual 
Ex- 


Maximum 


Cut-off 


as Steam per 


Diameter and 




CiU-ofll 




Pressure in 


Prcs?»urc 


Indicator 




SinlNb 


JadtM. 




pmion- 
ntio. 


Cylinder per 


per Miiurc 


Horse-power 












square inch. 


incn. 


per hour. 




ias. int. 




per cent. 


ratio. 


Ibfc 


Ib«. 


pounds. 




18 X 30 


thorough 


10 


6 


66 


55 


31. 13 




M 


w 


20 


4.08 


63 


51 


20-33 


Do 


n 


1? 


26 


331 


64 




19.92 


Sulzer 




thorough 


about 8 


10 






19.66 


Bache, 2d cylinder 


35x34 


at sides 


4.2 


12.6 


89.3 




37.11 


Do. 


n 




8.1 


8.6 


90. 5 




24.09 


Do. 


n 


M 


16.3 




91. 1 




23-15 


Do. 


n 


» 


43-7 


3.3 


43.0 




3403 




sax X 30 


thorough 


17.1 


4-5 


77.8 




22.04 




»» 


n 


8.0 


7-3 


85.0 




8O.49 




»« 


»> 


12.2 


5-7 


853 




3a6x 




M 


» 


14.8 


5-0 


835 




20.69 


Do 


t> 


M 


17-3 


4-5 


81.7 




21.42 


Do. 




l> 


18.9 


4.2 


80.7 




21.48 




45 ><66 


thorough 


13.6 


6.8s 


40 


33 


33.06 


L do. 


32 X 66 


at sides 


21.8 


433 


55-5 


45-93 


22.06 


N do. 


27 X 72 


i» 


30.0 


3.16 


55-45 


44-45 


21.30 


0 da 


27 X 72 


i> 


50.0 


1-95 


53-6 


33.6 


33.60 










E L. W.-works:— 


















72X 115.5 


at sides 


25 


3.62 


34-S5 


23-25 


20.72 


Cornish 


80 X 117 


n 


33 


2.81 


37 


17-5 


21.38 




90 X X37 


n 


«5 


3.66 


36 


33 


18.83 


Victoria 


100 X 1 10 


n 


25 


3-65 


40 


29 


20.08 




68X X 96 




50 


1.93 


1 3' 


16 


1 24.87 



The lowest consumptions of steam per horse>power per hour are those 
effected by the thoroughly jacketed cylinders: — 20 pounds^ calculated for 
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an admission of 26 per cent in the Allen engine; and 20>< pounds, as 
observed, in the Gallatin engine for admissions of from 8 per cent to 
14.8 per cent. 

Mr. Mair's A engine uses 22.06 pounds for an admission of 13.6 per 
cent. Compared witii the Gallatin engine, with, say, the same period of 
admission, the A engine uses more steam, the excess being due to ihe 
lower maximum pressure. 

Of the cylinders only jacketed at the sides or case, the second cylinder 
of the Bache consumes, as its lowest rat^ 25.15 pounds of steam p>er horse- 
power per hour, with 16 per cent admission. The most favourable result 
from Mr. Mair's rotative engines, is derived from the engine having the 
smallest diameter and the longest stroke, N of his series, cutting off at 
30 per cent, and using 21.3 pounds of steam. This is also lower than the 
consumption of the Bache^ in which the stroke is very short; although the 
Badie was worked with much higher maximum pressures. In the single- 
acting pumping engines, with comparatively low pressures, the shortest 
admission tabulated, 25 per cent, makes the most efficient use of the slcnm, 
19 pounds and 20 pounds being consumed per horse-power per hour. 
These results are better than those of the other engines in the tablet, though 
the cylinders are only side -jacketed; probably because, as was before 
explained, there is so much wiredrawing during admission, and so high a 
speed of piston in die steam stroke. The calculated results of the East 
London pumping engines show that an admission of 20 per cent is the 
most economical in the consumption of steam. 

It may be taken that the period of admission most favourable for 
efficiency, in steam-jacketed cylinders, whether thoroughly jacketed, or only 
side-jacketed, is from 15 per cent to 25 per cent of the stroke. The 
variation of effidenqr for admissions between these limits appears to be 
small, and it is concluded that a medium admission of 20 per cent ranges 
amongst the most economical periods of admission. At the same time; 
the evidence leads to the following inferences, in which the distinction 
between long strokes and short strokes are the same as already defined. 

1. For thorough 1\' steam-jacketed cylinders, having long strokes, the 
longer ranges of admission, within the limits above stated, are preferable; 
and, conversely, for those having short strokes, the shorter ranges are 
preferable; 

2. For cylinders only steam-jacketed at the sides, the longer ranges of 

admission are preferable. 

The following, in table No. 124, may be taken as approximately the 
respective maximum pressures, quantities of steam consumed, and periods 
of admission for greatest efficiency, leaving aside the single-acting pumping 
engines. The data in the first line are means of tlie results of the Allen 
and the A Mair engine ; in the second lin^ the averages of the tests of the 
Gallatin, with 8.0; 12.2, and 14.8 per cent admissions; in the thvd line, the 
mean of tests L and N of Mair; and in the fourth line, the test of the 
Bache^ id3 per cent admission. 
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Table No. 124. — Single CylwdbrSi Steam-jacksteo^ Comdbmsing: — 

GR£ATBST EmCIBNCV. 



CvLmim. 


Medium 
PeritKl of 
Admis- 
sion. 


Actual 

K\(j;iii- 
sion- 
ratiu. 


MaXKiiiim 'rotal 

rrt^iurc [-cr 
S.ju.irt-- Inch in 
the Cylinder. 


Steam Consumed 

|icr Indicator 
Hurse-wiwcr ficr 
Hour. 




per cent. 


ratio. 


lbs. 


pounds. 


Thoroughly steam-jacketed, long-stroke ... 


20 


4 




21 


Do. da short-stroke... 


IS 


6 


il 


30.6 




26 


3.8 


55-5 


21.7 




16 


5 


91 


23 



GeMerai Omdusicns am Single CylituUrs, — That some adjustment b 
needful in order to produce directly comparable quantities, is made evident 
by the fact, for instance, that according to the tables, Nos. 123 and 124, 

lon^'^- stroke cylinders con.sume more steam per horse-power per hour 
when steam -jacketed than when not steam-jacketed, cutting off at the 
most effective points of the stroke. There is one obvious reason for this 
apparent perversion, that the maximum pressure is only 52 lbs. per square 
indi in the jacketed cylinder, against 80 lbs. in the unjacketod cylinder. 
That the efficiency is influenced by the maximum pressure is proved by Ae 
selected results from die Gallatin cylinder, in the tablet, page 558, for steam 
of 70 lbs. and 40 lbs. eflfective pressure in the boiler, showing that 
2.33 pounds and 3.42 pounds more steam is used for the lower pressures 
than for the higher pres.surcs. Taking the averages with steam-jacket and 
stcamless-jacket, from table No. \ page 557, tlie results correspondingly 
are as follows: — 



Table No. 125. — Gallatin: Influence of Maximum Pressure on Efficiency, 



Effectirc Prewure in Boiler, 
per Square IdcIl 




Period of Admission, 
Average. 


Avenife Maximum 
Prcmnre per Sq. Inch 
in Cytindcr. 


Avense Steam oaed 
per Horte -power 

per Hour. 


n». 

With Steufrjadhct. 

40 

70 


Nos. 

14 to 17 
28 to 32 


pwcnt. 

14.4 
14.2 


55-3 
83.2 


2355 
20.94 


Differences 






27.9 


2.61 


WidlSMunlM-jadnt 
40 
• 70 


7, 8, 9 
24, 25, 26 


15.8 
153 


55-0 
7S.S 


2557 
23.22 


Difierences 






23.8 


2.35 



Here, again, taking wide averages, the difference is marked, whetlier 
urith or without steam in the jacket: about 2 % pounds more steam being 
used for the lower than for the higher pressure. 

Again, that there is increased efficiency by steam-Jacketing as against 
non-steam-jacketing, there is direct evidence, where the same cylinder was 
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tried wiUi and without steam in tlie jacket A collection of cases is given 
in the following table: — 

Table No. 126. — Single Cylinders: — Steam-jackets versus Stea.mless-jack.ets. 



Cvumm. 


No*, of 


Pcfipd of 


Mudmum 
Pressure per 
Sqtuure Inch 
iaCyliiKlor. 


Avcntge 

Steam used 
per Horse- 
power 




Jacket. 


Gallatin ) 
(short-Stroke) / 


Steam 
no steam 


Noa. 

27 to 32 

22 to 26 


perenL 

14-7 
14.0 


lbs. 

82.3 
79.3 


pounds. 
21.12 

23-81 




2.69 


Bache ) 
(short-stroke) f 


Steam 
no steam 


16 
13 


16.3 


9I.I 
87.7 


23- 15 
26.25 




3.10 


Mair ) 
(long-stroke) / 


steam 

no *t4Mtm 


3 

3 


ax.8 
94.6 


55-5 
54-5 


23.06 
26.46 




4.40 



Here^ the excess of steam used without the steam-jackets is 2.69 pounds 
and 3.iopounds per horse-power, in the short-stroke cylinders, and440 pounds 
in the long-stroke cylinder. For still shorter periods of admission than 
those given in the tables the economy by the use of the steam-jackets is 

still larcjer. 

By the aid of the foregoing data, the quantities of steam used per horse- 
power per hour, for the same maximum pressure in the cylinder, may be 
estimated. Let a total maximum pressure of 80 lbs. in the blinder be 
adopted as the standard. The quantities in table Na 121, page 569, for 
superheated steam in a non-condensing cylinder, may be accepted without 
modification. Those in table No. 122, page 570, for ordinary steam in 
unjacketed non-coiidcnsing cj lindcrs, should be reduced to the equivalent 
for 80 lbs. maximum pressure. The average effective pressures above the 
atmosphere for 60 lbs. and 80 lbs. maximum pressures are 41 lbs. and 
56 lbs., and the respective weights per cubic foot are .1759 pound and 
.2198 pound. The quantities of steam consumed for the two pressures are^ 

therefore, inversely as ^^'^ "2198' ^'""^ctly as 255 to 233. Cutting 

off at 35 per cen^ the steam used per horse-power is by table No. 122, 

26 pounds; which is reduced, for So lbs. maximum pressure, to ^26 x =^ 

23.8 pounda This, or, say, 24 pounds, may be adopted as aj^roximat^ 
the quantity for direct comparison. The data for single cylinders steam- 
jacketed, non-condensing, page 570^ are insuflident. 
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The quantity of superheated steam used in Hirn's condensing enc^ine 
was taken, page 571, with a maximum total pressure of 65 lbs. per square 
inch. The equivalent quantity for a standard maximum of 80 lbs. can at 
best be estimated: taking die diflference to be the same proportionally as 
was found for the Gallatin, table Na 125, page 575, where by a rise of 
28 lbs. maximum pressure, the consumption of steam was reduced by 
2.61 pounds, or II percent off 23.55 pounds. 

In raising the maximum pressure for superheated steam from 65 lbs. to 
80 lbs,, through 15 lbs., the percentage of reduction of weight of steam is to 



be diminished from 11 per cent in the ratio of 28 to 15, or to ( 11 x 



6 per cent Then isj4 pounds of steam consumed for 65 lbs. maximum 
pressure less 6 per cent; or one pound, becomes 145 pounds of superheated 
steam per horse-power per hour for 80 lbs. maximum pressure per square 
inch in the cylinder, cutting off at from 20 per cent to 25 per cent; the 
steam being superheated 150 degrees. 

The data for unjacketed long-stroke condensing cylinders, table No. 123, 
page 573, are accepted as for the standard total maximum pressure, 80 lbs. 
per square inch, in the cylinder. For tiie ^ort-stroke cylinders, they are to 
be adjusted proportionally for die standard pressure v^ch is 7 lbs. more dian 
tiie actual pressure, 73 lbs. Guided by the difference in tiie Gallatin, where, 
by a rise of 28 lbs. maximum pressure, the consumption of steam was reduced 



II per cent, the consumption would be reduced proportionally ( 11 x = 



2.7s per cent, or by I 25.2 X I ,7 pound. The consumption of steam 



is> dien, 25.2— .7^24.5 pounds for the standard pressure. 

For steam-jacketed condensing cylinders, the data, table No. 124, 
page 575, are to be similarly adjusted for the standard maximum pressure 
in the cylinder, 80 lbs. per square inch, resulting in a reduction of the first 
and third quantities, and an augmentation of the second and fourth 
quantities. These quantities become in order, 18.7 pounds, 21 pounds, 
19^33 pounds, and 24 pounds. 

The quantities of steam consumed per indicator horse-power, reduced 
for a uniform maximum total pressure of 80 lbs. per square inch in the 
cylinder, as above estimated, are collected for comparison in the table 
No. 127. They are not offered as necessarily final values, but simply as tlie 
outcome of the evidence adduced. 

The evidence concentrated in table Na 1 27 proves what has long been 
acknowledged, — the economical advantage of superheating the steam; and, 
more remarkably, the striking disadvantage of short-stroke cylinders versus 
long-stroke cylinders. This is a novel deduction from the evidence, and it 
aids in explaining apparently anomalous performances of steam engines; 
whilst it throws light on the still debated question of steam-jacketed cylinders 
versus unjacketed cylinders. The relatively large absorbing surfaces of the 
covers and tiie piston of short-stroke engines are disturbing influences whidi 
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afioct the operation of the steam in the cyhnder to a greater extent pro- 
portionally dian in long -stroke cyliiiders. Even if tiie cyhnders be 
jacketed, the surface of the piston remains free to condense the steam 
during admission. 



Table Na 127. — Sinolb Cyunders:— Greatest Epficiency. 
Rednced for irmitfamni total pnoMaie in efSadm, 80 Ibii. per iqnuc inch. 



CiumnMa 




Actual 
Expansion* 
num. 


Steam 
Consumctl per 

Indicator 
Honc-powcr 
per near. 


NON-CONDEMSIMO. 


pcreeDL 








ao 


4 


I&5 




35 


2.5 


24 










CONDENSING. 

Do. do. short'Stroke 

Thoroughly steam-jacketed:— long stroke .... 
Do. do. short-stroke... 


20 to 25 
15 to 20 
15 to 25 

ao 

12 

26 

16 


4 to 3.3 
5 to 4 

5 to 3.3 
4 

5.6 
3- 24 
4.« 


14.5 
20 

24-5 
18.7 

21 

19.33 
24 



ni. ECONOMY OF EXPANSIVE WORKING UNDER VARIOUS 
CONDITIONS:— COMPOUND CYLINDERS. 

Wool/ Engines, Condensing. — The leading results of compound engines 
on the Woolf principle, already detailed, are collected in the following 
table, No. 128, from Donkin's entwines, pages 527 and 531; Simpson's 
pumping engine, page 535; Leavitt's pumpin;^ engine, page 540; and 
engines tested by Mr. Mair, page 565. Several of the tests noted in the 
table were made on engines unjacketed, or on jacketed engines in which 
the steam was shut off from the jackets. 

Steam-jadeeted Woolf Engines. — ^The chief contrast afforded by tiwse 
engines is, as in the case of single cylinder^ the variety of proportions of 
the stroke to the (liamctcr of the cylinders. The variety of maximum 
pressures in the first cylinders is an element by which direct comparison is 
hindered; and there are no means afforded by the evidence itself for esti- 
mating the proper allowances to be made for differences of pressure. 

The most remarkable result was obtained from Leavitt's engine, the 
^)ectalities of which are a very long stroke^ 5^ times the diameter of the 
first c\ hiuler, and 2}4 times that of the second cylinder — the greatest proper- 
tions in the table; the highest maximum pressure in the first cylinder, 
101.3 lbs. per square inch; and the lowest consumption of steam per indi- 
cator horse-power per hour, 14.06 pounds. The cylinders are thoroui^hly 
steam-jacketed, heated by 90-lb. steam, of which the temperature is 331 F. 
The thorough jacketing, the hig^ temperature of the steam in the jacket 



uiyiti^uLi Uy Google 



GENERAL DEDUCTIONS FROM THE FOREGOING DATA. 



579 



If =4S 



6 

b 

U 



■9 
c 
s 

& 



CO 



-IS 3 y 



M 
M 


to 


to 

(5 

M 


22.6 


O 

M 


to 

» 
M 


NO 

• 


• 


to 

• 


• 
M 


21.6 


00 

o' 




m 


u-> 


LO 


to 
















v» 




.8 




M 

o 




«n 
in 


OS 
««• 


M 

00 


00 







a S. 

C M 



? 



•A M too fO t> 1- 

6 ei c6 «^ OS »H ^ 



vrt 



I 



CO - 
^ •> 
pi to 



to tM tr» r« I ti 




N t^ 



»qIooo| top w- rv- 
ir» S I ^ p» I owl i'*!^! r>. 



pi tol ri t^il ri t*)! r'l m I to ti 



=1 



s 




NO 

to to to 



to 

* 



M 



u 



i 

E 
rt 
u 

O 
2 



S 



c 

rt 

t/: 
O 



o 
c 



T3 



u 



c 

» ^ 



I 



tm l/i 

o o ^ 
H H » 



to 

.'2 

in 



1 

U 
c5 



O 



o-a 
'S e 



to 
4 



O •«»■ 00 O 

to O u-i o 

to 0\ "i- o 

*o *o ^ to 



o 

00 



o 
to 



3 *> 



.9 - 



13 



d to N 

8 2 2 



Mm lOM MM 

SB as BB 





Q P. 



P 



i 

X 

U 

I 




XXXXXXXX S XX 

NO O 00 VO 00 00 M CO 
•^tOMTfHHfOMfO MtO 



X X 

moo 

I- M 



c 

r3 



o 
•o 



o 



•a 



3 
CI. <U 
C 



c 

• pi* 

a. 
B 

3 
O. 



a 

3 



E 

3 

O. cj CI. 4J 
C C 



s 



OS .§.5 s S 4.B ^-S) 

M CO 1^ i< •< 

4- in 



E 
•a 



fa O 



o 



Digitized by Google 



58o 



PRINCIPLES AND PERFORMANCE OP STEAM ENGINES. 



and the great length of stroke proportionally, form a coaibination by which 
the comparatively high efficioicy of the engine has been attained. The 
evidence, alfeady discussed, shows that the steam had been eflectively 
dried, at least; if not superheated to some extent; seeing that; contrary 
to the usual order, the final weight of steam at the end of the expansion 
in the second cylinder, was less than the initial weight cut off in the first 
cylinder. 

The high capacity-ratio of the second cylinder to the first cylinder of 
the Leavitt engine is another speciality^. It is 4.458; that is, tliesecmid 
qrlinder has more than twice the diameter <^ the first qrlinder, with the 
same stroke. This high ratio has the advantage, in the present cas^ of 
extending the expansion to a high limit, in connection with a moderate 
degree of expansion in the first cylinder, in which the steam is only ex- 
panded three times, being cut off at 31.5 per cent 

But, so high a ratio of cylinder is not advantageous when the cylinders^ 
are not effectively jacketed. Donkin's factory engine supplies a case in 
point The second qrlinder is even more capacious proportionally, — ^bdng 
4.557 times the first cylinder, — than in the Leavitt ei^rine; but it only 
expands 3 719 times; and the steam is cut off at 35 per cent, in tlic first 
cylinder, where it expands 2.487 times. With these moderate degrees 
of expansion, — making together 9.276 expansions, — and a stroke three 
times the diameter of the first cylinder, a more efficient result would have 
been obtained than a consumption of 22.32 pounds of steam, but for die 
relativdy low maximum pressure in die qrlinder, with only 40 lbs. boiler 
pressure in the jacket and unjacketed cylinder-covers. The temperature 
of the steam in the jacket did not exceed 287* F., which is 44' lower than 
what prevailed in the Leavitt jacket The enormous excess-quantity of 
final steam in the second cylinder, page 527, or 42.76 percent of itsclf.more 
than the sensible initial steam for expansion, — also proves how ineffective 
large capacity of the second cylinder may be unless the cylinder is properly 
jacketed. The Leavitt engine showed only a mean of 3.69 per cent final 
excess weight of steam. 

That the insufficioit jacketing of the cylinder of Donkin's factory 
engine, — the second cylinder especially, — led to a consumption of so much 
as 22.32 pounds of steam, is demonstrated by the result of not admitting 
steam to the jackets at all, in the second test in the table; when 32.72 pounds 
of steam is consumed per horse-power per hour. 

The unjacketed tandem engine, Matr G and H, has a long stroke, 
3)^ times the diameter of the first cylinder,— a litUe more than in the 
Donkin cylinder; — and it has a second cylinder having only 3.27 times the 
capacity of the first cylinder — little more than two-1]iirds of the capacity- 
ratio in the Donkin engine. Cutting off at 23.3 and 22.2 per cent in the first 
cylinder, in the two tests respectively, the steam is expanded there about 
2/4 times; in the second cylinder, 2.715 times, which is only three-fourths 
of the expansion in the Donkin engine, without steam in the jacket Thus, 
by a moderated expansion in the seomd ^linder, consequent on a moderate 
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capacity-ratio of cylinders, with 64 lbs. and 66 lbs. maximum pressure of 
steam, the consumption of steam is limited to 21.65 and 20.88 pounds per 
horse-power per hour. 

With nearly equal maximum pressure^ 60.5 lbs. per square inch, and a 
nearly equal capacity -ratio of cylinders, 3.33, Donkin's Hele engine con- 
sumes 20.55 pounds of steam, against a mean of 21.26 pounds in G and H 
tandem engine. As the second cylinder of the Hole engine was partially 
steam-jacketed, tliis engine should have made a considerably less con- 
sumption of steam; but for the' condderably shcMter stroke proportionally 
and the considerably shorter period of admissicMi in the fiist cylinder, — 
against 23.3 and 22.2 per cen^ by which, for an unjacketed 
^linder, an excessive degree of expansion was exacted. 

Simpson's engine, No. 4, practically unjacketed, consumes about the 
same weight of steam, 22.62 pounds, as Donkin's factory engine, steam- 
jacketed; though the stroke is shorter proportionally, and the maximum 
pressure is lower, than in Donkin's engine. But, in its favour, Simpson's 
engine has a smaller second ^linder proportionally tiian Donkin's engine, 
and the expansion in tiie second qrlinder is consequently carried to a less 
extent, — 3.392 times, — than in Donkin's engine. 

Turning to Mair's engines, in tests C, D, and E, the strokes do not 
exceed twice the diameters; but the capacities of the second cylinders are 
3.66 and 3.87 times the first, allowing sufficiently good ranges of expansion 
there. By this facility, in connection with the higher maximum pressure in 
ihe cylinder, and thorough steam-jacketing, the consumptions of steam are 
limited to between 17 and 18 pounds per horse-power per hour. 

From the comparison^ it appears that proportionally long strokes are 
conducive to economy of steam in Woolf engines, as in single cylinders; 
that large capacity-ratios of cylinders, that is to say, large second cylinders 
proportionally to first cylinders, in the ratio of from 4 to 4 U to i, may be 
employed with economy, when the cylinders arc thoroughly steam-jacketed ; 
but that they are unfavourable for economy when the cylinders are only 
partially, or not at all, steam«jacketed, inasmuch as the extent of expan- 
sion in the second cylinder is dosdy related to, and related by, the 
capadty-rado, and the larger expansions consequent upon the la^er capap 
city-ratios are wasteful of steam; that the higher the maximum pressure 
of steam in a steam-jacketed cylinder, the greater is the efficiency of the 
steam in the cylinder, and that this greater efficiency is due, for the 
most part; probably, to the higher temperature maintained within the 
cylinder, and die better d^ree of dryness, or, it may be^ superheat; of the 
steam. 

When a long stroke of at least five diameters, is combined with steam of 

100 lbs. total maximum pressure in the first cylinder, and thorough steam- 
jacketing with steam direct from the boiler; with a second cylinder ha\'ing 
from 3^ to 4^ times the capacity of the first cylinder, and about 12 actual 
expansions, the work can be done for a consumption of 14 pounds of steam 
per indicator horse-power per hour. 



582 PRINaPLES AND PERFORMANCE OF STEAM ENGINE& 

This conclusion, with others derived from the table, No. 12$, are 
summarized in the following tabl^ Na 129: — 



Table No. 139. — ^Woolf Steam Engihis:— £fficibncie& 



Stroke of 
,ittCyitMkr 

10 DlUWtCR. 


Total Mmi- 
mum Pressure 
per Sq In. in 

1st Cylinder. 




Cut-off in 


Capacity- 
nrtioor 
Cyliodfln. 


Actual 
Number of 

L' St fill 
Exp.insions. 


Steam Con- 
sumcii Her 
Indit.iti r H.P. 
jK-r H' lur. 


diameten. 


lbs. 




per cent 


ratio. 


expaniioct, 


pounds. 


5 


100 


dionrngh 


30 


4>^ 


13 


14 


2 


60 


thorough 


21 


3 1.4 


13 




2 


80 


at sides 


36 


zVz to 4 


8 






60 


sides, 2d cylin. only 


13 


3Vi 


13 


20% 


a 


80 


no steam 


49 


zV. 






3 


65 


no steam 


22 




9'A 


21 to 21)^ 




45 


no steam 


34 


4 


10 


22>4 



Remver-engmeSt Gmdittsing. — ^The chief results of tests of the receiver' 
engines already noticed are repeated in table No. 130^ comprisbg Mr. Mair's 
J engine, page 565, wiA Gilain's and Weyher & Richemond'a^ pages 543 

and 544, and the engines of the Bache^ Rush, and Cher, pages 552 and 
560. The J engine and Gilain'.s engine give the two most economical results 
of performance. They arc both dependent upon the superheating of the 
steam between the cyhnders for tlic high degree of their efficiency, in com- 
bination with their long strokes, which are more than three diameters. The 
capacities of the second cylinders are respectively about 3 times and 4 times 
those of the first cylinders, and whilst the engine J eacpands twice as mudi 
in the first cylinder as in the second, the Gilain engine expands but a little 
more in the first than in the second cylinder. This contrast results 
naturally from the comparatively low cylinder capacity- ratio, in engine J, 
against that of the Gilain engine, by which correspondingly the expan- 
sions in the second cylinder are governed, being 2.2^ and 3.38 respec- 
tively. 

There is no decisive evidence, in point of effidenqr, in favour of eitiier 

distribution of the expansion between the two cylinders — the unequal 
distribution in the J engine, or the nearly equal distribution in the Gilain 
engine. But the horse-power exerted in the J engine is nearly equally 
contributed by the two cylinders; whilst it is stated that in the Gilain 
engine the powers developed by the first and second cylinders are such 
as to be nearly as 3 to i. 

The Weyher & Ridiemond semi-portable engine supplies another in- 
stance of the value of intermediate heating of tiie steam, after having been 
exhausted from die first cylinder. Though the cylinders are jacketed only 
at the sides, the consumption of steam, cut off at 25 per cent in the first 
cylinder, and expanded ()] ■> times, is only 16.03 pounds per indicator horse- 
power per hour, which is about one pound more than the consumption of 
the J engine and the Gilain. The comparative shortness of the stroke of 
the WQrher engine may have occasioned the difference 
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584 PRINCIPLES AND PERFORMANCE OF STEAM ENGINES. 

Of the short-stroke engines of the Bache» Rush, and Cher, the second 
cylinders have only from 2 to 2^ times the capacity of the first cylinders. 

They comprise instances of four conditions of steam and jacketing, and the 
most efficient results for each case are here selected: — 



Short-sir^ CyHnders, Reether, Cmdamng. 



OndidoaflfSma. 






Number of 


Maximum 
Pressure in 
lU (Jytioder. 


Steam per 
Hone-puwer 
per Hour. 


.Thorough steam jacketing 


Rush 
Bache | 

») 

Cher 


per cent 

36 
31.8 

39-6 
33-5 

50 


6.22 
6.98 

5.73 

6.66 
3.78 


ibv 
82.3 

93-6 
90.4 

91 

41.6 


pounds. 
18.38 

20-33 
20.37 

23-04 
20 



The thorough jacketing of the Rush causes nearly 5 pounds less 
consumption of steam than in the Bach^ without jacket-steam, although 
tiie maximum pressure is less in tiie Rush, and the stroke is proportionally 

the shorter. The thorough jacketing also makes 2 pounds less steam 
consumed, than the sidc-jackcting of the Bache. The superheating of the 
steam by 10.8 degrees in the Cher, also leads to a consuni[)tion less than 
that of the Bache side-jacketed, and 3 j)Ounds less than the Bache with a 
steamlcss jacket, although the stroke of the Cher is less than half the 
diameter, and there are only 3.78 expansions. 

The most effective results frotn receiver-engines, as from Woolf engines* 
are derived from long-stroke cylinders. There is no conclusive evidence of 
proportions of cylinders more suitable than others. A total expansion-ratio 
of 10 appears to be the limit of useful expansion. Second cylinders having 
at least 3 times the capacity of the first should be employed : — a capacity 
of 1% times is probably better than 3 times that of the hrst cylinder, to 



Table Na xjx.— Riciivni Comvouiid Stbam Enginbs:— EFnciSMCiES. 



Stroke of 
MtCyliader 
in DiuncMn. 


Total 
Manmum 
Pressure per 
Square Inch 
in 




ntCyfindir. 


Capacity- 
niiooi 
Cyfioders. 


Aciuii! 
Number of 

Useful 
Expansiont. 


Steam 
Conmmed 
per Indicator 
Horse-power 
per How. 




itt Cyliader. 














per cm. 


nuio. 






3 


80 1 


thoroughly, recdver \ 
jacketed j 


SI 


3 


10 






80 


thoroughly 


36 




6 






at sides ; steam-jack- 1 
eted between cy- > 












90 1 


25 


3 


9>4 


16 


linders ) 














at sides 


32 to 40 




6 to 7 




90 


no steam 


33 




6>^ 


23 


42 


superheated 11" 


50 


2 


4 


20 
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admit of a more nearly equal distribution of useful expansion between tiie 
two cylinders. 

The results of the J engine are the best ascertained; but they are 

complicated with intermediate heating of the steam. It may be taken that, 
with a stroke equal to three diameters of the first cylinder, for a maximum 
total pressure of 80 Ihs. per square inch in the cyhnder, and 10 actual 
expansions, with thurou^h jacketing, the worl< may be done with a con- 
sumption of 15 pounds of steam per indicator horse-power per liour. 

This deduction, witii a few others from the evidence adduced, are 
summarised in table Na 151, precedii^ pag^ 

The engines of the Liffey and the Koning der Nederlanden, pages 
546 to 549, supply instructive contrasts. In the former, the indicated 
expanded steam per horse-power per hour is 15 percent greater than the 
steam cut off; but in the latter there is less than 3 per cent in excess; and 
in the 2d cylinders, there is a like contrast The better action in the 
Koning is attributable to the steam-jackets on the cylinders, by which both 
the steam in the cylinders and the receiver steam are more effectively 
heated than in the LiiTey; and to &e compact and protective inclosure of 
the second slide-valve between the cylinders. 



Chapter XI. 

TESTING OF STEAM ENGINES BY THERMAL ANALYSIS. 

Mr. John Far^, in 1849, IT^uged the rise of temperature of the con- 
densing water, in two steam engines for the purpose of determining their 
relative efRciendes: — ^the work done, and the quantity <tf condensing water 
used being the same.^ M. G. A. Him, with his late collaborator, M. O. 

Hallauer, reduced the process of test trials of steam engines to a system 
remarkable for precision and for the success with which the mechanical 
equivalent of heat is employed as a factor. M. Him had, in 1S56,- already 
indicated the guiding principle of the test, — the comparison of the heat 
ddivered to the condensing water with the heat delivered to the engine, 
which may be ranged as a thermo-dynamic equation. On the one side, 
there was the whole of the heat supplied to the engine, comprising the heat 
of the steam, taken as dry, passed into the cylinder, the heat conveyed by 
water, whether primed fmni the boiler, or the result of condensation in the 
pipes; and the heat given up by the steam condensed in the jacket On 
the other side, there was the heat converted into work, the heat lost by 
radiation from the jacket, and the heat delivered to the condenser. 
M. G. Leioutre and M. O. Hallauer, under the advice of M. Him, 

■SMACOpy of ^^r Farey's "Report," in F.n:^ine^htr, for February 15, 1884, pafje 154. 
' **MeiDoire sur la 1 hcurie de la SurchautTe, dans les Machines ^ Vapcur," read October 29, 1836. 
BuBt^ de la SteUU ImAatridU dt MMtmuk 1857 ; jMge 5. 
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jointly conducted an experimental investigation, to estabUdh ''the theory, 

rational and practical, of steam engines," in 1870-71; the results of which 
were published by them independently in 1873,* when for the first time the 
"practical theory" of M. Him was developed and applied in its entirety. 
M. Hallauer apjjlied M. I Urn's principles to the results of many trials 
of Woolf engines and single-cylinder engines; and tiic valuations agree, 
within from }4 to t por cent of errarz-^affording powerful evidence of the 
reality as well as the utility of the mechanical theory of heat 

Mr. David Thomson, in 1862, recognized the utili^ of the temperature 
of the condensing water in the hot-well, as a means of testing the efficiency 
ot condensing steam cnc^ines.^ 

Messrs. W. B. Farey and Bryan Donkin, junr., reduced to a system 
and published, in 1868, their method of comparing the efficiencies of steam 
engines, in terms of the rise of temperature of the water in the hot-well, 
and the quanti^ of the water discharged per unit of time. The quantity 
of heat thus rejected can be calculated ; and if this quantity be divided by 
the number of indicator horse-power developed, the quotient is a " constant " 
for the engine, by which its performance can be compared with that of any 
other engine similarly tested. The more efficient the engine the lower is 
its constant. The condenser water is, for the purpose, delivered into a 
wooden box or trough, at one end, and it passes over and under, alter- 
nately, a series of transverse partitions, to the other end of the box, where 
it flows as a steady current over a notched weir or "tumbling bay." The 
rate of volume of water passing off is calculated in the usual manner.^ 

The observations made on the system of M. Hirn, the scope of which 
has been noticed above, are in three series: ist, to determine the weight 
of steam consumed, and of water discharged from the condenser; 2d, to 
observe the temperatures; and 3d, to determine the different circumstances 
of &e work done. 

I. THERMAL ANALYSIS OF THE LOGELBACH ENGINE ON THE 

HIRN SVSTKM. 

The case of the single-cylinder engine tested by M. lUrn, with super- 
heated steam, which has already been dealt with (page SUS), has been 
treated analytically by M. Hallauer.* The results of the eight daily trials 

* Etude <1e trois Motenrs pourvus d'une Enveloppe ou Clu mi-^c (k* Vapcur," read April 30, 1*^7;, 
hy M. O. Hallauer, BuJUiin de la SocUU IndustrUlU de Aluihouu, 1S73, 35S; "Kecberches 
EzpMmentiJes et Analytique snr let MachfaiM i Vapeor,** jucsented. May 30, 1873, ^ the SociAj 
Indmtricllc du Nonl dc la France. See also otlier coninumic.alinns made liy M. Hllllinier, tod 
published from time to time in the Buliain dt la SocUtt IndustnclU dc Muihouse, ftc 

' See Mr. Thomson's obsenrations in the disenssion on his paper **On Doable-cylhider Fampinj; 
Engines," in the Prottedin^s of the Institution of M,ihanieal Engineers, 1S62; pages 285, 286. He 
gives the results of comparative temperatures of the hot-well, for different d^;rees of expansion of 
steam in pumping engines on a constant duty. 

' The system of Messrs. W. IS. Farcy and 13. Donkin, jonr., b described In Bnguuermf fat 
July 17, 186^ page 58, and May 21, 1869, pages 334, 34I. 

* " ExpMcnces Dirigees par M. G. A. Hira, in 1873 and 1875," by M. Q, Hallaner, is tbe 
BttBdmithiSQiUll InAtOriOide MMmue^ 1877, page 144. 
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are analysed separately, and the leading features of the trials and die 
analysis are here reproduced in abstract First» the weight of steam con« 

sumcd from the boiler per stroke, with the pressures in the boiler and in 
the cylinder at the points of cut-off and the end of the stroke, with the 
periods of admission, and the quantity of water injected into the condenser. 
There was no perceptible priming of water with the steam. 

Pressure and Weights of Steam and Condensing Water. 



No. 
of 
TkiaL 



Mo. 
I 
3 

3 
4 

5 
6 

7 
8 



Absolute 
PresHire of 

Steam per 
sgDwe acb 



Ibi. 

6955 
65.96 
71.00 
68.38 

7a66 

70.70 
71.48 

62.21 



C' ni'.itioii i.'f llir Sn-ntn 

adnuucii 10 the CyliuUcx. 



Superheated, 448* F. 

Saturated 

Superheated, 419^ ... 
Superheated, 432' ... 
Superheated* 383** ... 

Saturated 

Superheated, 428^ ... 



Superheated, 428" 



{ 



VvnoA 
of Admittiao 



72 
V7 



/A 
(without 

eondaiwrion] 



per square inch 
in the Cyttodcr. 



I 



Steam Con- 
sumed from 
the boiler 



Water In- 
I jected into 
1 the Coor 



At 


At End of 

Stroke. 




Iba. 


lb*. 


pound. 


pounda. 


60.37 


«3.3i 


.6758 


20.62 


5372 


13.80 


.8229 


20.49 


58.90 


10.98 


•584s 


19.25 


32.81 


11.97 


.6222 


18.96 


55-65 


8.44 


■4939 


19.27 


54-53 


8.16 


.5808 


19.65 


24.83 


9.12 


.4994 


i3-«9 


}4«.83 


15.72 


.5984 





Secondly, the temperatures. The temperature of the superheated steam 
was taken with a mercury thermometer placed in a cavity of copper or 
iron, clo.sed at one end, inserted in the steani-|)ipe. The temperatures of 
the water injected into the condenser were taken with a differential air 
thermometer. The other temperatures, of steam in the boiler and within 
tfie cylinder, were taken, as for saturated steam, from Regnault's tables^ 
due to the indicated pressures. 



No. or 
Tksr. 


TuuvKATtiMt or Stbam. 


TMipantlagacfWter in 


latfaeBoOer. 


Superheated. 


At the 
Cut-off. 


At the End of 
Expanuoo. 


During 
EshaucL 


As Dis- 
chaiged. 


As 
Injected. 


Differ- 
ence. 


No. 
I 
2 

3 

4 

5 
6 

7 
8 


Fahr. 
302". 2 7 
298.76 

304 

302 

303-39 

30339 
304.2 

295.2 


Fahr. 
448° 

saturated 

4«9 

432 
383 
saturated 

428 
428 


Fahr. 
292°.93 
285.40 
899.73 
255-20 
287.60 
986.34 
236.44 
279.48 


F.ihr. 
207 .03 
208.83 
197.69 
201.92 
185.00 

183.79 

189.25 

215.40 


' Fahr. 

164". 2 8 

164.16 

13795 
136.85 

137-19 
142.07 

134-80 


Fahr. 

88\34 

92.75 
91.56 

95-47 
86.76 

90*05 

100.60 

Wiihou 


Fahr. 

54°68 

5329 
61.70 

61.70 

61.47 

61.70 

60.53 
t condmai 


F.->hr 

33°-66 

39.26 

29.86 

33-77 
25.29 

«8.35 

40.07 

lion. 



Third, the work of the engine. 



The net indicated work for one stroke, 
together with the equivalent values of this work in heat>units, are given 
in the following tablet The value of the heat-unit employed in the 
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original paper, is 425 kilogrammetres, for which the correqxmding value 
of the English unit is 774.70 foot-pounds. This value Is sightly in excess 

of the standard value of the Engh'sh heat-unit, 772 foot-pounds; but it 
vdil be adhered to in this notice of M. Hallauer's investigations. 



mrA per Stroke. 



N<K or Test. 


Net Indicated 
Wolkpcr Stroke. 


Equivalent of Net 

Work per 
Strd|e, in bngluh 




ibot.|wmiiil>i 




I 




100.50 


3 


72,691 


9384 


3 


73.726 


9519 


4 


67,216 


86.74 


5 


61,386 


79.24 


6 


57,696 


74.48 


7 


53.763 


69.40 


* 


43'036 


55-55 



F"rom the foregoing data, a first verification may be made of the 
quantity of heat brought into the cyhnder, and of its equality to the sum 
of the net heat consumed in work, plus the heat lost by external radiation 
and conduction from the cylinder, plus die heat recovered in tiie condenser. 
Take^ for instance, test 3, In which the steam is superiieated to 419** F. 
The consum;)tion of steam is at the rate of .5845 pound per stroke, taken 
from the boiler at the total pressure of 71 lbs. per square inch, and the 
temperature, according to table No. 4, of 303°.9 F. The total heat 
carried by one pound of the steam from the boiler is 1174.1 units, reckoned 
from 32° F. ; and for one stroke it is 

.5845 lb. X 1 174. 1 = 686.27 units of heat. 

In addition there is the superheat communicated to the steam before 
arriving at the cylinder, by which the temperature is raised to 4i8°.9 F., 
through (4iS°.9— 303 .9 = ) 115° F. ; and the quantity of superheat, in 
calculating which M. Hallauer takes the value .50 for the specific heat of 
gaseous steam, is 

.5845 lb. X 115* F. X .50-33.61 units of beat 

The total heat imported by the steam into the cylinder is, tlierefore, 
(686.27+33.61=) 719.88 units per stroke^ and it Is now to be shown in 
what manner this quantity of heat is distributed. 

First, the steam itself leaves the condenser as hot water at the tempera- 
ture 9i°.56 F., and carries off with it (.5845 lb. x(9i°.56 F. —32") = ) 
34.81 units of heat, leaving (719.88 — 34.81=) 685.07 units of disposable 
heat traversing the cylinder. The greater portion of this heat is received 
by the cold water which is injected into the condenser at the rate of 
19.25 pounds per stroke. The temperature of this water is raised from 
6i".70 to 91^561, through 29^86 F., and the quantity of heat thus coo- 
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sumed is (19.25 lbs.X29*.86=) 574.76 units. Deducting this quantity 
from the whole disposable heat, the remainder (685.07— 574.76 nasi 

units has disappeared in the interval — in the form of net work done in the 
cylinder, and as heat lost by external cooling of the cylinder. To test the 
correctness of this deduction, the work done per stroke, 7IJ26 foot-pounds, 
consumes an equivalent of (73,726-7-774.7 = ) 95.17 units of heat; and 9.92 
units are, by observation, lost in cooling, by radiation and conduction. 
The sum of these quantities is (95- 17 +9-92=) 105.09 units, which is 5.22 
units less than the nasi units that disappeared. That difference must 
be taken as error; but it is only .73 per cen^ or less tiian i per cent 
of the total quantity heat; 719.88 units, brought into the qrlinder Uxt 
one stroke. 

Here is a marvellous degree of nearness to exactness in the ascertained 
disposal of the heat imported into the cylinder, which may be summarized 

as follows: — 

Heat imported into the cylinder: — Uniu. 

1, Constitutnt heat of the steam as saturated, reckoned from 32° F 686,27 

2. Superheat imparted to the steam 33- 61 

Total heat imported 719.8& 

Distribution of the heat imported into the cylinder: — 

Heat distributed f i. Effecrive work done m the cylinder (13.22 percent) 95.17 

in the cylinder ( 2. External cooling ('-38 „ ) 9.92 

Heat rendered j 3, Steam as condensed (4-^3 i> ) 34-8i 

in the condenser (4. Condensing water (79-84 „ ) 574 76 

Total ascertained. (99'37 » ) 7i4>66 

Enor, by defidenqr (.73 „ ) 5.22 

Calculated on the same principles, the respective equivalents of heat- 
units for the results of the other trials of M. Him's engine, are given in the 
first tablet, next page. But they are grouped differently from what has just 
been calculated for No. 3 trial, as explained by the headings at the side. 
In the first line, the gross or total quantity of heat of steam imported into 
the cylinder is diminished by deducting from it the residual heat in the 
condensed steam, or condensation water, line 2; showing the balance, 
line 3, being what may be called, for purposes of calculation, the net or 
disposable heat, which, in tiie case of No. 3 trial, is (719.88- 34.81 ») 
685.07 units. The 4th line shows the quantity of heat absorbed by the 
net or effective work done in the cylinder, with the heat lost by external 
cooling; and the 5th line shows the difference, or excess of imported 
heat, in line 3, above the quantity of heat distributed in the cylinder, 
and by external cooling, which ought to be recovered in the condenser- 
water. The 6th line shows the quantity of heat actually recovered 
in the condensing water, exclusive^ of course^ of the residual heat of the 
condensed steam in mixture with it These values are nearly identical 
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with those of line 5, the errors or discrepancies being shown in tiie last 
line^ 7. The errors are in all instances less than i per cent, except for 
the 7th trial, in which the error is 3 per cent — the result of some mistake 
in observation. 

General DistfibuHoH pfthe Heai of Steam in ike Cylinder. 



No. or Thai.. 



1. Total heat imported into 

the cylinder 

2. Residual heat in the con- 

densed steam in the con- 
denser 

3. Heat imported into thecyl-'S 

tnder, less the residual/ 
heat in the condensed! 
steam in the condenser.. J 

4. Heat abiiorbcd by net 



net ) 
cyl-( 



work done in the 

inder, and by external ( 
cooling (9.92 units) 1 

5, Diffcrcncc,or heat recover- \ 

able in the condensing > 
water ) 

6. Heat recovered in the con- 

deubing water, exclusive 
of the residual heat in the 

condensed steam 

7> ErroTf by dififerenceM........ 



uniU. I units- I units. uniUk. uniu. 



842^5! 95770 



38.05 



804.40)907.89 

103.76 



1 10.39 

694.01 

693.76 
+ .35 



49.81 



804.13 

804.51 

-.38 



719.88 
34.81 



771.21 
3946 

73»-75 



685.07 

105.09: 96.66 



579.98 

574.65 

+ 5-33 



635.09 

640.03 
-4.94 



599.76 
27.01 

572.75 

89.16 
483.59 

487.15 

-3.56 



units. 
674.56 

33.69 
640.87 

84.40 

556.47 

557.03 

-.56 



units. uuiik. 



611.47 
27.97 

583-50 

79-32 
504.18 

521.15 

-16.97 



c 
In 
B 

C 

o 
o 

I 

c 

o 

Z, 



Turning now to the disturbing action of the surfaces of the cylinder 

and the piston, the wcii^hts of sensible steam at the point of cut-off, and at 
the end of the stroke, calculated in terms of the volume and pressure, are 
given in the following tablet for each of the eight trials, preceded by the 

Ad£m cfike C^Under^walls.^We^ ef Steam m Oe CyHnder. 



Mo. or TfeiAL 



1. Steam directly tneastnred ) 

present per stroke ) 

2. Sensible steam at cut-off 

3. Difference (condensed I 

Steam) { 

4. Do. per cent of steam ) 
present (line 1) { 

5. Sensible steam at the \ 

end of the strt)ke ( 

6. Difference (condensed ) 

steam) ( 

7. Do. per cent of steam ) 
present (line i) ) 



lb. 
.6758 
•6319 

.0439 

6.5'-/o 

•5949 
.0809 

12% 



ll>, 
.S229 
.5669 

.2560 

30.47. 

.6156 

.2073 

25-27. 



lb. 

•5845 
.5817 

,0028 



{ 



o.837o 

.4820 

.1025 

17.57 



lb. 

.6222 

.6320 
-.0098 
(super- 
heated) 

-i.57o 

.5401 

.0821 

I3.27o 



} 



5 

lb. 

4939 
3722 

.1217 



24.647. 
.3883 
.1056 

2I47o 



6 

lb. 
.5808 
.3651 
.2157 

367o 

.3764 

.2044 

3S.27c 



7 


8 


lb. 


lb. 


•4994 


•6575 


.4869 


.5788 


.0125 


.0787 


2.5=73 




.4203 


.6575 


.0791 


jOOOO 


15.8^/0 


0.07, 



weights of steam present in the cylinder. These are taken equal to the 
weights of steam consumed already given, page 520; except in the last 
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case, in which die steam is not condensed, but is discharged into the 
atmosphere, leaving a quantity of unexhausted compressed steam at the 
end of the return-stroke^ wdghing .0590 pound — nearly 10 per cent of the 

weight of steam consumed per stroke. In the other trials the steam was 
condensed, and the residue of steam and water retained after the exhaust 
was closed was insignificant in (iuantit\-, and is here neglected. 

The differences given in the tablet between the weights of steam present 
and directly measured into the cylinder, and the steams in the cylinder 
sensible at die point of cut-off and at the end of the stroke, have already 
been discussed (pages 521, 522). It is remarkable that the superheat^ 
steams have so little staying power. In all but Nos. 2 and 7 tests^ the 
steam was superheated; yet, in all of these, but No. 4. tlie steam was in a 
state of saturation at the point of cut-off, as is evidenced by the fact of the 
weight of sensible steam cut off, calculated as for saturated steam, being in 
each case less than the weight of steam consumed, except for No. 4, in 
which there is a slight excess — 1.5 per cent— of sensible steam cut off, 
when calculated as saturated steam, the excess being, in fact, due to a 
smal 1 remainder of superiieat In this case, superheated steam was admitted 
for half the stroke, and it was only not entirely reduced to the state of 
saturation. In the similar case, of No. 7, cutting off also at half-stroke, the 
superheated steam was entirely reduced to the state of saturation, as is 
evidenced by the deficiency of sensible steam cut off. This deficiency is 
only 2.52 per cent; but such as it is, it results apparently from the lower 
temperature of superheat, 428** F., s^inst 432" for Na 4. Taking the two 
cases together, it may be inferred that, when saturated steam of 70 lbs. 
absolute pressure per square inch, and 303° F. temperature in the boiler, 
was superheated to 430**, being raised 127 in temperature, tlic whole of the 
superheat was absorbed by the cylinder, and was just sufficient to protect 
the steam from being condensed during an admission of half-stroke. 

Correspondingly, the disposal of the heat of the water and steam in the 
qrlinder, in tbe progress of die stroke, may be ascertained. The tempera- 
ture of the mixture is taken as the same for the water and steam. The 
heat that is present in the mixture consists of the heat required to raise the 
temperature of the whole mass as water to that of the steam, plus the heat 
of formation of the steam. These two heats, making together the internal 
heat, arc present in the steam. The heat tliat was absorbed in e,\ternal 
work, during the formation of the steam, — or the heat of volume, — is not, 
according to M. Him, now to be considered: it is not present as heat 

In the subjoined tablet, the first and second entries express the total 
internal heats in the mixture at the point of cut-off, and the end of the 
stroke; and the difference of these internal heats is given in the third line. 
In tlie fourth line, arc the quantities of heat stored in the cylinder-walls, 
consisting of the heat set free by the condensation of steam during admis- 
sion, plus tlie units of heat parted with by the total weight of steam 
admitted when it loses its superheat Take, for instance, the results of the 
8th test The weight of superheated steam supplied for one stroke, is 



593 



PRINCIPLES AMD PERFORMANCE OF STEAM ENGINES. 



.5984 pound, superheated to 428* F. of temperature. The temperature of 
the steam as cut off is 279*^3 F., and the extent of superheat is (428— 
279.48=) i48°.52 F. The quantity of superheat is, therefore, (.5984 x 

148.52 X .5 = ) 44.44 units. 

To this quantity is to be added the latent heat abandoned in the con- 
densing of .0787 pound of steam during admission, calculated as follows. 
The absolute pressure is 48.83 lbs. per square inch, for which the latent 
heat is 9174 units per pound weight. Then, (.0787 pound X 917.4 = > 
72.22 units, the quantity of heat set firee; and the sum of the superheat 
and the freed heat, (44.44+72.22 = ) 116.66 units, is the quantity of heat 
stored in the cylinder-walls during admission. 

In the fifth line of the tablet are given the heat- equivalents of the 
absolute work of expansion, which are calculated by dividing the absolute 
work in foot-pounds by the mechanical equivalent of heat 



Tntemal Htat of the Mixrd Water atid Steam. 





I 


3 


3 


4 


5 


6 


7 


8 


I. Internal heat at the point | 


uniu. 


uniu. 


uniu. 


units. 


uniu. 


uniu. 


uniu. 


units. 


701.58 


690.12 


636.55 


674-32 


437.35 


45310 


528.14 


649.68 


2. Internal heat at the end of ) 


652.50 


69754 


53317 


592.90 


43076 




461.40 


706.18 




43279 




49.08 


-7.42 


103.38 


81.42 


6.59 


20.31 


66.74 


-56.50 


4. Heat j,'i\ cn by the steam to | 
the surface of the cylinder ( 


92.30 


229.06 


3905 


45.87 


« 34-72 


190.86 


5873 


116.66 


5. Heat equivalent of the ab- ) 
solute work of expansion i 


6555 


62.81 


62.66 


36.67 


56.78 


54-36 


28.65 


57-53 



The internal heat of the mixture, it is observable, is either augmented 
towards the end of the stroke, or reduced, or is nearly stationary. Taking 
the case of the 8th trial, there are 56.50 more units of heat at the end of 
the stroke than at the point of cut-off; at the same time, the work of 
expansion has abstracted 57.53 unit& In addition to these two drafts of 
heat, there is the heat dissipated by external cooling, taken at 2.5 French 
units, or 9.92 English units for one stroke. The sum of these three quan- 
tities is 123.95 units of heat consumed. The source from which this quantity 
of heat has been supplied is the heat stored in the metal during admission, 
already calculated as amounting to 1 16.66 units, which is only 7.29 units 
less than the calculated quantity demanded,— a difference which may be 
due to an error of observation. In any case, it is barely one per cent of the 
total heat imported into the cylinder; and, accordingly, tiie quantity of 
sensible steam in the cylinder at the end of the stroke, as given in the 
tablet, is just equal to that of the steam directly measured as present per 
stroke — comprising the steam shut in and compressed plus the steam 
admitted into the cylinder. 

In cases of slight diffenenoes of Initial and final heats, as in the 2d and 
5th trials the quantity of heat during expansion may be taken as nearly 
stationary. But during tiiat interval, heat was converted into the work of 
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expansion, and this heat must have been derived, not from the internal heat 
of tile expanding steam, which was practically unchanged in quantity, but 
from the heat absorbed by the cylinder-walls by condensation of steam 
during admission. But this is only one part of the action of the cylinder- 
walls. Comparing, for instance, in the 5th trial, above tablet, the quantity 
of heat taken up by them, i "54.72 units, with the outlay of heat on the 
work of expansion, 56.78 units; and for external cooling, 9.92 units; 
diminished by the small portion, 6.59 units, separated from the internal heat; 
it appears that of the 134.72 units, 60.11 units only are in this way appro- 
priated, leaving 74.61 units of heat unutilized, which disappears from the 
blinder at each stroke of the piston, and Is recovered in the condenser. 

This excess of heat received by the C3^nderowalls» and thus parted with, 
is named by M. Him, le rcfroidissement au condensmr, or the cooling by the 
condenser, -a very important factor in the economy of the steam engine. 
The action is simple. When the cylinder is opened for exhaust, the steam 
in the cylinder rushes into the condenser, and assumes the same pressure 
and temperatufe as in the condenser. The c^Under-walli^ which are hotter 
than the steam, — ^now reduced in pressure and temperature, — and which are 
lined with moisture, immediately part with tfieir excess of heat, by which 
the superficial moisture is, in whole or in part, evaporated, and the heat 
thus passes into the condenser. In the second tablet, page 590, it appears 
from the last line, that, excepting for the last trial, there are proportions of 
water varying between 12 percent and 35 per cent at the end of the stroke, 
caused by initial condensation. From ihis water the steam is generated by 
which the heat of the cylinder is transported to the condenser at the end of 
the stroke. 

If the cylinder were absolutely non-conducting, so that alternate con- 
densation and re-evaporation did not take place, the work of expansion 
would be exactly expressed by the difference of the internal heats at the 
beginning and the end of the expansion — the final heat being the less, and 
subtracted from the initial heat In practice, as it has been seen, such 
exactness does not prevail; and in so far as the ascertained difference falls 
short of the work of expansion, the balance of heat for expansion>work is 
derived from the walls of the cylinder. The sum of the quantity of heat for 
expansion derived from the cylinder-walls, thus determined, plus the heat 
lost by external cooling, plus the heat from the cylinder-walls carried into 
the condenser, is equal to the whole heat absorbed by the cylinder-walls. 
Employing M. Hirn's symbols, these values form tiie equation — 

r (M - «) = [A Frf - (Uo - Uj)] 992 + R* 
= AF</ + Ui-Uo + 9.92 + R^ 

in which (M — w) is the weight of .the condensation-water, or omdensed 
steam, precipitated during admission; r is the latent heat of one pound of 
the steam; AF./ is the work of expansion in heat-units; Uo and U, are the 
internal heats of the steam at the beginning and the end of the expansion 
respectively; 9.92 is the heat in units lost by external cooling; and is 

Vol. I. SB 
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the heat from the cylinder-walls carried into die condenser. Applying the 
equation to the case of the 5th trial, the values, as in the tablet, page 592, 

= 56.78 - 6.59 + 9.92 + ; 
and, Rf- 134.72 + 6.59 -56.78-9.92 

— 141.31-66.70 = 74.61 units. 

The value of R, may be verified by another line of analysis. This 
remnant of cylinder-surface heat is discharged to<jether with the internal 
heat, Ui of the sensible steam at the end of the stroke. It should, there- 
fore, be found m the condenser, together with tlie work of back-pressure, or 
of expulsion of the steam from the qrlinder, in addition to the internal heat; 
U,. In the 5th trial, for instance, tiie final internal heat was found, by 
tabled page 592, to be 43Q.y6 units. Of this heat 27.01 units are retained in 
the condensed steam, or condensation-water, in the condenser, and the 
remainder, (430.76 — 27.01 = ) 403.75 units, augmented by the heat sent by the 
work of expulsion into the condenser, 8.49 units, makes 412.24 units. Now, 
the heat found in the condensing water is 487.15 units, by the lirst tablet, 
page 590, and die excess, (487.15-412.24=) 74.91 units, is the value c€ die 
heat Ke carried off from die qrlinder-walls into die condenser. Thus:— 

(2d method) — 74.91 units of heat 

R, (ist mediod) 74.61 „ 

EiTor 30 

The values of the heat, R^, carried off from the cylinder surfaces into 
the condenser, are given for the several trials in the following tablet; 
togetlicr with their proportional values as percentages of the total quantities 
<^ heat in the steam brought into the cylinder. The periods of sulmission 
and the condition of die steam admitted, are added in die last two lines. 



£fea/ (R,) carried off per Stroke from the Cylinder-surfaces into tlu Condenser. 





X 


• 


3 


4 


S 


6 


1 


t 






















units. 


units. 


unit«. 


units. 


units. 


units. 


units. 


unit<i. 


f . Vahies of R« (ist method) . . . 
2. Do. da (2d method)... 


65.91 
62.64 
3.27 
842.45 


148.91 

140.16 
8.75 

957.70 


69.85 

67.59 
2.26 


80.70 
78.01 
2.70 

771.21 


74,61 

74-9' 
■30 

599.76 


146.89 
14S.29 

'•39 
674-56 


86.90 
79.70 
7.20 

61 1.47 


-7.30 


4. Total heat imported ty the \ 


7I9.S8 


ithoi] 
dcnsi 


5. Percentage of in parts ) 


7.87c 




9-77,-, 


10.5% 


12.43% 


21.76% 


14-2 r% 


> c 
0 
0 




sup. 


% 
sat. 


'A 

sup. 


% 


% 






M 


7. Steam superheated or sata- \ 


SU|). 


sup. 


sat. 


sup. 


sup. 



The heat thus abandoned to the condenser is shown in proportions 
varying from 8 per cent to 22 per cent of the whole of the heat brought 
into the cylinder. The percentages are much greater for saturated steam 
tiian for superheated steam. Thus, cutdng oflf at V7th, the percentages are^ 
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for superheated steam, 12.43 per cent; and, saturated steam, 21.76 per 
cent Cutting off at ^th, thoy are respectively 7.8 per cent and 15.6 per 
cent It farmer appears that the percentage increases generally as the 
admission is reduced. Thus, for saturated steam, cutting off* at ^th and 
V7th, the losses are 15.6 per cent and 2176 per cent respectively: there 
being absolutely as much loss for ^/yth as for ^th the admission. 

Since the cylinder supplies heat (R<) at the end of the stroke, for the 
re-evaporation of a portion of the condensation-water, or condensed steam, 
the remainder only of the condensed steam is passed as water into the 
condenser. The quantity of this water may be calculated by comparing 
tiie heat of the steam exhausted with the heat found in the condenser. 
The steam exhausted consists of that which exists in the ^linder at the 
end of the stroke plus the steam re-formed when the exhaust is opened. 
Resuming the case of the 5th trial, the average back-pressure during 
exhaust is 2.67 lbs. per square inch, for which the total heat is 1 123.77 units 
per pound, reckoned from the temperature 32'^ F. But, thQ temperature in 
the condenser is SC^.yC, or S4°.76 above 32°, and the total heat reckoned 
from 86.76, is (i 123.77 — 54.76SB) 1069.01 units per pound; or, for .4939 pound 
of steam, it is (1069.01 X.4939B) 527.98 units; and this is the quantity of 
heat that would be ddivered into the condenser, and absorbed by the 
condensing water, supposing that the whole of the charge of steam, 
■49.39 pound, went there as steam; and irrespective of the heat retained by 
the condensed steam in the condenser, at the temperature 86''.76. But, it 
was seen in the first tablet, page 590, that the heat recovered in the 
condensing water, amounted to only 4S7.15 units; and die difference 
(527.98 ->487.i 5 4a83 units, indicates the absence of so much latent 
heat: otiierwise^ ^e discharge of a portion of the original .4939 pound of 
steam, as water, corresponding in quantity to 40.83 units of latent heat. 
The latent heat of steam of 2.67 lbs. pressure per square inch is 1018.35 units 
per pound, and 40.83 units is the latent heat of (40.83 -f IOI8.35 - ) .0401 pound 
of steam, which represents 8.1 1 per cent of the whole steam imported into 
the cylinder, passed as water into the condenser. 

The weight of condensed steam ddivered from the cylinder into the 
condenser is i^ven in the following tablet, for each trial: — 



Condaiscd ^eam Discliargcd into t/u Condenser , per Stroke. 





1 


• 


3 


4 


S 


6 


7 


8 


Weight of condensation- ) 




















water from the cylinder f 
ddivered into imt con-i 


.0331 


•0770 




.0193 




JO617 


.0035 


4^ 
s 
0 


u* 

U 
<A 

c 






















Proportion per cent of the ) 




947. 


7.97. 


3.II7. 


8.117. 


10.67, 


1.107. 




c 
0 
0 



The leading results of the foregoing analysis of the performance of the 
Him engine, are brought together in table No. 1 32, supplemented by data 



uiyiii<-uu Ly Google 



596 



PRINaPLBS AND PSRFORMANCB OP STEAM ENGINES. 



00 



"2 u5 



; x> £ g> 
sj ^2 « *^ S ffi 



2^ 8 



ON 



1 I I 



00 



< 

a: 
o 

i 



g 



o 

PC 



o 

2 



•f . £ £a 

^S«- "2*00 - - "t 



1"^ VP 



us 

to 



in 



"5? •5 

3 JJ- >d «A 



- X '** 



(/> 

1^ o 



00 



I 



in 

00 ^ 

n 00 

. vd ^ ^ 
cx, o — 

3 to. «« 

|/) 

ij in „ V) 

O. 00 M 



00 



£ o 



00 r^S • On ~ 1^ 
^ ^ " 00 ^ 



O 

d 



'8 in 



to 



8- 



ui 



^ 00 
" OO 

Ml " 



I-" S.oo'.S! 



in 

C4 MM 



"p in - M 
SI • S 



£ o 
•2 UN 




4> 

3 "t; "5 



Digitized by Google 



TESTING OF STEAM ENGINES BY THERMAL ANALYSIS. 59/ 



vC iJ-> O O ro — \0 00 



111 ^sji'&:t'^J?7' ^4;ill 



i I 



m 0\ 

I 



tN. \0 



On P) 
O O 



I 



f7 ^ c« 



o 



8. 



00 



o o 



.2^ 



00 ro O O O 



IN. \q Tj- o q M 

rJ o\ r> z/3 rC 00 

ro -1- r<-j o ir\ 

— 



Q ON 

ON fn 



O NO o 

NO 

vn ^ rO 

00 00 I 



00 



ON 



On S»« - 

M On >• NO 
»A n6 t>. 



On t'l 

M O N 

00 On t-i. rJ 



ON 



- o 

\0 





s 3; 


00 


n Oft 


in a o 
e>. 0*00 »s. 


Si " 


00 


O O 

i 1 


oo 


O 

& 










1 1 















M M ~ 



O 



r ?5 



00 



00 



I I 



o rv. «- NO 

" 00 O 



— r>. 00 00 
£2 00 
Si 



NO 



ON U1 vo 
NO 00 M 



g * ^ " 



% 00 

5^ ^ 7 



M a> — ON 



N NO — N'N 

NO >- 00 <<> u*k 



NO lYN 

On tx 



d d ^ 

M M ~ 



O I'N 



N On — 
^ On On 



O 
in 

N 

to 

NO 



NO 



- O - 
CO - 

NO 



NO 



NO On M 



rt (/I rt 



O. »> 



=5 « ° rt 

g O C g u , 

■p ^ 3 « « 6C 

= r: — c c 



: E 

- : rt 

^ : w 
♦J 

rt ^ <n 

5 y rt 

3 




5 > ** ti 

in o i; ^ o . ^j : 



?r o Si « « c o £J 

-2 O O g « g Jg^ 

c-^i^ 2 ^ H G 



1/1 j- 
<; rtDC 



c/j X 0 



s s 



S-3 



O «j N 

O rt 



M c 

u c 
X o 



u 
rt 



V) 

9 
rt 



10 

u 
o 



- : o - 



■S E 



*- c _ ^-r; re y 



C ^ 



1 3-3.5^ 




S a g gj= c o 



o 
a 
rt 

1 £i 

u o 

rt o 



: 5"^ 5^..i: ' 0"" ^.S". 

f^ffef^ ^^^^ ^ 



Digitized by Google 



598 



PRINCIPLES AND PERFORMANCE OF STEAM ENGINES. 



not specifically noted in the text The elements of the work for one stroke 

of the piston are stated in lines lo to 19, in foot-pounds and in heat-units; 
the indicator work, lines 18, 19, bcinj^' the remainder of useful work, after 
deducting the back-pressure, or work of expulsion of steam remaining in 
the cylinder, into the condenser, lines 16, 17, from the total absolute work, 
lines 14, 15, consbting of the absolute work during admission and that 
during expansion. The efficiency of the ei^ine, or the percentage of indi- 
cator work in parts of the total heat imported, line 9, is added in line 2a 
The temperatures and the disposition of the heat in the condenser are 
stated in lines 21 to 26. In the last of these, line 26, the differences given 
arc tlie quantities by which the heats recovered in the condensing water, 
line 25, fall short of the corresponding sections <^ tiie heats imported into 
tiie cyUnder; whidi should, in fact, be the heat-equivalents of the net works 
done in the c>dinder, plus the heat lost by external cooling, the actual 
values of which are given in line 27. The generally near coincidence of the 
respective values in lines 26 and 27, is indicated by the small extent of the 
errors of observation in line 28. The perturbations of heat arising from the 
action of the cylinder-surfaces^ are distinguished in lines 29 to 33. These 
have already been treated at pages 591 and 592. The body of heat tints 
played with is that which is given to the cylinder-surfaces during admission, 
line 29. The heat-equivalent of the absolute work of expansion, line 30, 
would, but for the heat-absorbing cylinder-surfaces, be measured by the 
diiiference of the internal heats at the beginning and the end of expansion. 
This difference does not; in fact, bear any definite relation to the heat- 
equivalent of expansion, being either greater or less ; and the difference of 
these two quantities, line 32, is the resultant of the two functions, and is 
> the measure of heat withdrawn from the store of heat in the c} Iinder- 
surfaccs. The sum of this withdrawn heat and the heat lost by external 
cooling, line 33, is given in line 34; and it is subtracted from the heat-store 
in the qrlinder-surfaces, line 29, showing the remainder, line 35, being the 
heat lost by the cooling action of the condenser during exhaust, or exhaust- 
loss. 

The exhaust-loss is verified in the remaining lines of the table, lines 
36 to 44. The sum of the internal heat at the end of expansion, line 36, 
and the work of expulsion, line 37, is given in line 38; and this sum 
diminished by the residual heat retained by the condensed steam, line 39, 
is stated in line 40. 

The heat in the condensing water, line 41, is in excess of the remainder, 
line 40, by the difference, line 42, which is the exhaust-loss, and should 
be identical with the exhaust-loss as before reckoned, line 35. 

The error, or discrepanc}-, line 44, is insignificant in quantity, and shows 
a near approach to identity. 

Here ends the first exposition <^ the admirable system of analjrsis i»o- 
pounded by M. Him, and developed with a marvellous degree of success 
by M. Hailauer. 
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II. THERMAL ANALYSIS OF TWO CORLISS STEAM ENGINES. 

M. Hallauer^ in 1S73, published comparative analyses, on the system 
of M. Hirn, of two Corliss steam engines of the same dimensions, one of 
which was unjacketed. and the other was steam -jacketed:^ summarized 
as follows. They afford an instructive illustration of the utility of the 

system of analysis above rendered. The dimensions of the cylinders are 
as follows: — diann tcr, 20.1 inches; stroke, 39.6 inches; diameter of piston- 
rod, 3.15 inches, speed, 55 turns per minute. The volume described per 
stroke. 746 cubic feet; clearance-space, .253 cubic foot, being 3.39 per cent 
of the stroke-volume. 

The Unjacketed lin^^inc. — The steam is cut off at 4. 1 1 per cent of the 
stroke, makinj^ I3.7>S the actual ratio of expansion, allowing for clearance. 
The total pressure at cut-off is 73.32 lbs. per square inch; and at the end of 
the stroke, 7. 1 3 lbs. The absolute work done for one stroke is, by the indi- 
cator, 30^726 foot-pounds. The work, calculated by means of approximate 
formulas, is divided as follows: — 

Absolute work during admission 3«>4o foot-pounds. 

Do. do. expansicm 177-4 » 

Total >o,964 „ 

The back-pressure Is i.fy lbs. per square inch, equivalent in work to 
1903.5 foot-pounds; and deducting this value, the net indicated work Is 

(20^726—1903.5=) 18,822.5 foot-pounds per stroke. The back pressure of 
compression is 1.46 lbs. per square incli ; and as only .0026 pound of 
exhaust-steam is shut in, it is neglected in the calculations for heat The 
weight of steam and water passed from the boiler into the engine, is 
.2474 pound per stroke, <^ wfaidi jOII pound, or 4.4 per cent, is water. The 
remainder, .3364 pound of steam, Is partly condensed during admission: — 

P«nnd. PerCnt. 

Steam at the point of cut-off <*933 Of 37.7 

Steam condensed during admission, being water at 1 . 

the point of cut-off .! / '431 or 57.9 

Steam admitted 2364 or 95.6 

Priming 01 10 or 4.4 

Steam and water admitted into the qrlinder S474 or xoao 

At the end of the stroke, there is .1449 pound of steam, and .1025 pound 
of water, respectively 5S.6 per cent and 41.4 per cent:— together .2474 pound. 
The steam consumed per absolute indicator horse-power per hour is 
23.62 pounds. 

The total internal heat at the point of cut-off, is the sum of the water- 
heat of the mass of steam and water, and the heat <^ formation of the 
steam. It amounts to 144.83 units. At the end of the stroke, the total 
internal heat amounts to 169,40 units. The difference is 24.57 units. The 

' Bt^titt tU la SteiM InduttrMt dt Mulkauut 1873, pugs 593. 
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absolute work of expansion is 22.54 units^ and the loss of heat by external 



cooling is 4.96 units. 

Difference of initial and final internal heats 24.57 units. 

Absolute work of expansion^ 22.54 „ 

External cooling 4*96 »> 



52.07 » 

The heat lodged in the cylinder-surfaces during admission, by con- 
densation of steam, is the latent heat of this condensed steam. It is 
128.53 units, making, with 1.59 units for friction of the piston, a total of 
I3ai2 units; and (130.12— 52x>7=) 78.05 units is the heat carried by evapor- 
ation into the condenser. 

TAfi Steam-jacketed Engine. — The steam is cut off at 7.78 per cent of 
the stroke, making the actual ratio of expansion 9,11. The total pressure 
at the end of the cut-off is 74.30 lbs. per square inch; and at the end of tlie 
stroke it is 11.41 lbs. per square inch. The absolute work done for one 
stroke is 30,35 3 foot-pounds, distributed, as in the previous case, as follows: — 

Absolute work during admission 6>355-5 foot-pounds. 

Da da ejqmusbn S3»7*8 » 

Total 30.083-5 M 

The back pressure, 3.31 lbs. per square inch, gives rise to the negative 
work of resistance, 3555 foot-pounds, which reduces the absolute work to 
the net indicator work, (30,353-3555 = ) 26,798 foot-pounds for one stroke 
The weight of steam and water consumed from the boiler amounts to 
.2763 pound per stroke ; of which .0106 pound, or 3.83 per cent, is condensed 
in the jacket. The rest, .2657 pound, passes into the cylinder, as .25 1 8 pound 
of steam and .0139 pound of priming water, which is 5 per cent of the 
mixture. The steam compressed is .0044 pound in weight The weight of 
steam present at the cut-off, not including the JOO^ pound of steam com- 
pressed, is .1422 pound ; the rest of the steam introduced, (.2518— .1422 ») 
.1096 pound, is reduced to the state of water: — 

Pound. Per Cent 

Steam at the point of cut-off, per stroke 14*3 or 53.5 

Steam condensed during adn^ssion 1096 or 41.3 

.3518 or 94.8 

Priming 0139 or 5.2 

Steam and water in the cylinder 2657 or 100.0 

Steam condensed in the jacket 0106 or 3.99 

Total consumed from the boiler 2763 

At the end of the stroke there is .1021 pound of steam, and .0184 pound 
of water: respectively 85 percent and 15 percent of the total quantity, 
.2657 pound, passed throuj^h the cylinder. The steam consumed per 
absolute indicator horse-power is 18.02 pounds per horse-power per hour. 
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The total internal heat amounts to iQaiS units at the point of cut-off, 
and to 248 units at the end of the expansion. 



The heat lodged in the cylinder-surfaces during admission is the latent heat 
discn^^aged by the condensation of .1096 pound of steam, as before stated, 
amountin<^ to 98.36 units. Adding 9.48 units by external cooling, and 
1.59 units for the friction of the piston, the sum of these, 10943 units, is 
the store of heat^ from which 94.35 units is provided The lemainder, 
(109.43— 94.35 15.08 units^ is the heat lost by evaporation into the 
ocmdensen 

Interpretation. — First of all, it is shown that, in the un jacketed cj-linder, 
continuous evaporation takes place from the cylinder-surfaces during expan- 
sion; since there is 57.9 per cent of condensation-water at the end of the 
admission, and only (414—4.4 (priming) = ) 37.0 per cent at &e end of die 
stroke; showing that (57.9— 37X>a) 2a9 per cent of water has passed into 
the state of steam. In the jacketed cylinder, the proportion of steam con- 
densed during the admission is much less. It is 41.3 per cent at^ainst 
57.9 per cent ; and at the end of the stroke there is only (15 — 5.2 (priming) = ) 
9.8 per cent The proportion evaporated during expansion is (41.3 — 9.8 = ) 
31.5 per cent against per cent in tiie unjacketed qrlinder. The 
augrmentation of evaporation during the stroke^ here shown, brings with it 
useful work done on the piston, and the advantage of a much smaller pro- 
portion of water in the cylinder at the end of the stroke: — 15 per cent 
against 41.4 per cent, including priming; for there is thus a much smaller 
withdrawal of heat from the cylinder-surfaces by evaporation into the 
condenser. In fact, only 15.08 units of heat were thus lost from the 
jacketed cylinder; whilst 78.05 units were lost from the unjacketed cylinder. 
The immediate consequence of such cooling of the cylinder at the end of 
the stroke is that the heat thus lost is to be reinstated during admission for 
the succeeding steam-stroke. 

The broad result of the comparative performances of the two engines is, 
tiiat whilst the unjacketed qrUnder consumes 23.63 pounds of steam per 
absolute horse-power per hour, comprising^ say, 4.5 per cent of water, the 
jacketed cylinder con.sumes only 18.02 pounds, with, say, 5 per cent of 
water: — being 5.61 pounds, or 2175 per cent less steam. The economy 
here attained is due solely to the action of the jacket, according to 
M. Hallauer. But this can scarcely be the case, seeing that the expansion 
was carried much lurdier— uneconomically so— in the unjacketed than in 
the jacketed cylinder; and that part of die economy is no doubt due to the 
mpre suitable period of admission in the jacketed cylinder. 

The relative economy is demonstrable also in terms of the heat-equiva- 
lents. In the unjacketed cylinder, the constituent heat of the steam, which 



Units. 



Difference of initial and final mtemal heats. 

Absolute work of equuttioa 

Ky tffn uJ ...«••. 



57.85 
30.95 
5-55 



94-35 
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is 95.5 per cent of the mixture, plus the heat in the 4}^ per cent of water, 
amount t<^cther to 26,449.5 1 units per absolute horse-power per hour; and 
the combined heat for the jacketed cyhnder amounts to 20,094..50 units, 
making a reduction of 6355.01 units, or 24.03 per cent 

Comparing now the disposition of heat per stroke of the piston, in the 
unjacketed cylinder, .2474 pound of steam, of wMcfa 4.5 per cent is water, 
is consumed, carrying 28a82 heat-units into the cylinder. The total internal 
heat at the end of the stroke was found to be 169.40 units, making a dif- 
ference of I IT. 42 units, which would have been entirely utilized in work, if 
there had not been either loss or cooling externally or by the condensers. 
But, in fact, the net indicated or useful work was 18,822.5 foot-pounds, or 
24.30 heat-units/ which is only 21.8 per cent of the quantity of heat that 
disappeared. 

In the jacketed cylinder, similarly, .2657 pound of steam, comprising 
5 per cent of water, passes through the cylinder for one stroke, carrj'ing 
312.25 units of heat into the cylinder. The total internal heat at the end 
of the stroke is 248 units, and the difference is 64.25 units, of which 
26^798 foot-pounds, or 34.59 units, was utilized, being 53.8 per cent of the 
heat that disappears. This is in advance of the proportional utilization 
in the unjacketed cylinder, to die extent of (53.8— 21.8 ») 32X> per cent 
gain. 

The respective efficiencies of the two cylinders, in terms of the total 
heat passed into the cylinder per stroke, and the heat utilized, are as 
follows: — 

«. . 1 J .- J 24.30 X 100 „ , _ . 

Unjacketed cylinder, — = 8.65 per cent efficiency. 

Jacketed qrlinder, ^^jiVag°° " "'^^ ^ da 

ni. ANALYSIS OF WEYHER AND RICHEHOND'S COMPOUND ENGINE. 

M. Hallauer* analyses the work of Weyher & Rtchemond's compound 

engine, at Colmar, already noticed, p^ 544, The analysis is here given, 
in abbreviated form, of the performance during the first trial, as an 
example of M. Hallauer's method of treating compound engines. A scries 
of indicator diagrams, thought to be the best, was selected for the purpose 
of calculation. 

mrik for One Stroke. 

ist Cjrlindar:-^ 

Absolute work duriqg awiimypffBy, 

Do. da eiqwnsion. 

Do. do totaL 

Work of back i ressure 

Net indicated work 

' Using the divisor 774. 7°, the equivalent of the French divisor, 425 Inkgeuniaa. 
"^BuUtiin de la SocUU Indmtridlt de Mtdhmut, 1881; page 156. 



Foot-pounds. 
5.707 

6,821 
4»564 
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ad Cylinder: — 

Absolute work of expansion 11,400 

Work of back-pressure io33 

Net indicated work 9,666 

Total indicated woric of the two cylinders i4>43o 

Total absolute work of the two cylinders (absolute work in \ 

ist cylinder, plus absolute work in 2d qrlinder, nunus f iSt9^i 

work of back pressure in ist cylinder) } 

Turns per minute 88.5 

Indicator hone-power. 77.43 

Ratio of expansion 7.58 



The average power during the trial was 78. ii horse-power, which is a very 
little more than the power deduced from the selected diagrams. The 

steam consumed from the boiler per horse-power per hour was 16.61 pounds, 
comprising ^.7 per cent of priming water: equivalent, for 77.42 horse- 
power, and 88.5 turns per minute, to .1228 pound per stroke, consisting of 
.1 183 pound of steam, and .0045 pound of water. The total heat carried 
into the cylinder by tihis mixture is 141.26 units. To check this deduction, 
the heat gained in the condenser is to be ascertained. Cold water at 
48° F. was injected at the rate of 2.321 pounds per stroke, and was 
heated to 96 .73, rising in temperature 48 .73. The heat thus acquired is 
(2.321x48.73 = ) 113.10 units. The condensed steam in the condenser 
has the same temperature, 96°.73, or 64°.73 above 32°, and retains 
(.1228 x64.75s) 7.95 units of heat The heat lost by the steam was, 
therefore, (141.26— 7.95 =) 1 33.3 1 units, of which die injection-water only 
absorbed I13.10 units, leaving (133.31 — 113.10 = ) 20.21 units consumed 
by the indicated work plus the external cooling. The indicated work, 
14,430 foot-pounds per strolce, is equivalent to (14^ 30-r 774.70* = ) 18.63 
imits of heat, and adding die estimated loss by cooling, 2 units, die sum, 
2a63 units of heat, is only 042 unit more than 2a2i units, already cal- 
culated for the purpose. The error, 42 d^ee, is but aj per cent of die 
heat brought into the cylinder. 

The indicated work, 18.63 heat-units per stroke is 13.19 per cent of the 
whole heat imported from the boiler. . 

The trial at the brake gave 67.56 hofse-power, whidi is 87.5 per cent 01 
the indicator horse-power. 

Proceeding to the consideration of die perturbations of heat in the engine 
there is, in the first place, the charge, .1228 pound of a mixture of steam 
and water, measured from the boiler, already mentioned, plus .0163 pound 
of compressed steam: together, .1391 pound, which comprises the water 
formed in the steam-jacket, as, by the formation of the jacket, before ex^ 
plained, water is not deposited in it; but is carried into the first cylinder. 
The diarge, .122S pound, consists of .1183 pound of steam and .0044 pound 
of water, and, with the compressed steam, there is (.1 183-^.0163=) .1346 
pound of steam and .0044 pound of water; together, .1391 pound. 

* Til* wiaivaleat of the wdne •mployed by M. HaUaner. 
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At the end of tiie admission, the .1391 pound of steam and water is 
composed of .0979 pound of steam deduced in terms of the volume, 
.4732 cubic foot, and the absolute pressure, 89.65 pounds per square inch, 
and .0412 pound of water, which is 29.7 per cent of the mixture. This 
water, less Uie pruning, or (.0412— xx)44s} .0368 pound, is tiie result 
of condensation during admission; and this condensation has set free 
.32.95 heat-unit^ which are lodged in the ^linder-surfaces, to be partly 
restored by rc-evaporation during expansion. At the end of the stroke, 
accordingly, the .1391 pound of mixture contains more steam and less 
water than at the end of the admission: — namely, .1180 pound of steam, 
calculated from the volume, 1.130 cubic feet; and the pressure, 43.38 lbs. 
per square inch; and xaii pound of water, being 15.2 per cen^ a^nst 
29.7 per cent at the beginning of the expansion. Of the steam present 
at the end of the stroke, a fraction is detained and compressed, namely 
.0163 pound, as before stated, leaving (.1391 —.0163 = ) .1228 pound of 
mixed steam and water to pass to the second cylinder: — this being the 
weight of the charge from tiie bdler per stroke. 

The expansion in the intermediate space and the second cylinder leads 
to but little change in the elements. There is present in the second cylinder 
the charge from the boiler, .1228 jxHind, plus .0073 pound of steam com- 
pressed in the clearance: — making together, . 1 30 1 pound ; and this mi.xture, 
at the end of the stroke, consists of .1098 pound of steam, as deduced from 
the final volume, 3.203 cuUc feet; and the final pressure, 13.23 lbs. per 
square inch; and .0203 pound of water, 15.6 per cent 

The internal heats of the miacture <^ steam and water, are, — 

At the end of admisrion in die first cylinder xi9>43 heat^mits. 

At die end of the stroke in the first cylinder X33*3s » 

At die end of the stroke in the second cylinder iaz.03 „ 

From these are to be deducted the internal heats of the compressed steam, 
which, for the first cylinder, is 13.89 units; and, for the second cylinder, 
6.75 units. The difference of the internal heats at the end of admission, 
and the end of the stroke of the second cylinder, thus corrected, is, — 

(119.43 - 13.89) - (121.03 - 6.7s) = - 8.74 units. 

The final internal heat is greater than the initial 

Arrived at the end of the stroke, the steam is exhausted from the second 
cylinder into the condenser; and, at the same time, a part of the water 
deposited on the cylinder-surfaces is evaporated. 



The absolute work of expansion demands 16.67 units. 

The external cooling uses 1.98 „ 

The internal heat is augmented 8.74 „ 

Total 27.39 



This heat could only be supplied by the condensations in the jacket and in 
the first cylinder during admission, which yielded, in all, 32.93 heat-units. 
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The excess of this over the heat taken up^ is (32.93— 27.39K) 5.54 units, 
or 3.9 per cent of all tiie heat supplied from the boiler; and this is the lost 
heat, carried off by evaporation into the condenser. 

To deduce the lost heat independently from the heat in the condensing 
water: — The final internal heat, minus the heat that remains in the cylinder 
with the compressed steam, plus the heat sent to the condenser by the work 
of expulsion of exhaust-steam, or the exhaust back-pressure, represents the 
total heat tliat would be found in the oondensii^ water, if there were no 



lost heat by final evaporation. 

Final internal heat x a 1.03 units. 

Heat in compfcased steam, deduct 6.75 „ 

Net intenud heat 1x4.28 

Work of eqMiIsiini, add .„ , 1.98 „ 

Total heat 116.26 „ 



Now, the injection-water gains 1 13.10 units of heat, whilst the condensed 
steam retains 7.95 units; tc^ether, 121.05 units; showing (121.05 — 1 16.26=) 
4.79 units, the heat lost fay evaporation into the condenser. The two 
values of tiie lost heat ar^ — 

By the first calculation 5.54 units. 

1^ the secrad calculation 4.79 „ 

Difference 75 „ 

This difference, by error, is little more than per cent of the heat, 
141.26 units, imported from the boiler. 

In die foregoing analyses, on M. Him's system, <rf' the performance 
of steam engines^ the first analysis* by M. Hallauer, showing the distribution 
of the heat of the steam, in the Him engine^ in general term^ is vety 
instructive; The following are the terms arranged in an equaticm^— 

Tobd heat imported into the engine per stroke 

= net work done per stroke, in heat-units 

+ heat lost by external cooling 

+ residual heat in condensed steam 

4- heat rec ov ered in the condeusiqg water itad£ 

More generally, the equation may stand thus: — 

Total heat imported into the engine, per stroke, 
— mrtvork 
•f external cooliiig 

+ total heat recovered in the condenser. 

Bu^ in these equations, the distribution of the heat recovered in the 

condenser is not traced. Overlooking, meantime, the minute perturbations 
of heat caused by compression, and classing the work of compression with 
the back-pressure of exhaust, the total heat recovered in the condenser, is 
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equal to the internal heat of die steam and water in the cylinder at the end 
of the stroke, plus the heat equivalent to the back-pressure of exhaust or 
expulsion of steam from the cylinder, plus the heat lost by evaporation into 
the condenser; and the equation becomes, — 

Total heat impwted into the engine per stroke 

« net work I total absolute woA 

+ exhaust back-pressiue J 
+ external cooling 

+ internal heat of steam and water at the end of the stroke 
-¥ loM by evapotaticm into the condenser. 

Mr. Michael Longridge published, in 1881, a detailed thermal analysis 
of the pefformance of Mr. E. Hqnworth's engine and boiler, at Blackburn.^ 
This appears to have been iht first published example of the employment 
in England of M. Him's method of analysis. 



IV. SINGLE AND COMPOUND STEAM ENGINES, TESTED BY 

MR. J. G. MAIR. 

The results of analyses for a single-cylinder condensing engine, A in 
the oritjinal paper, and for the compound receiver-engine J, already noticed, 
page 5ii3, are selected for illustration, from Mr. Mair's papers already 
referred to;' and are here given in detail, witii the symbols employed by 
Mr. Mair: — 

Table Na 133. 

Thermal Analysis, Enoinis A and J. — hbu J. G, Maul 1881. 



Data. 



Date of trial 

Type of engine | 

Time running 

Total number of revolutions, from COUntecs. 

Revolutions per minute 

Indicator horse-power LH.P. 

Total horse-power H.P. 

Feed to boilers, deducting steam-pipe drains lbs. 

Temperature of feed-water 

Temperature of injection-water « 

Temperature of air-pump discharge ./ 

Air-pump discharge per minute lbs. 

Water diained from jackets lbs. 

Percentage of priming water in steam per cent 

Height of barometer during trial inches 



Feb. t88i 

single-cylin- 
der beam 
6 h. 46 m. 

5938 
14.62 

101. 79 

115.04 

15,840 

66° F. 

if 

648 

4 

29.60 



Oct 1881 

co'pound re- 
ceiver beam 
6 h. o m. 
S632 
23.98 
127.40 

138.30 

12,032 

73''-4 
1225.8 
1605 

4 

30.20 



* TriiiJ of the Engines and Bouer at E. HijnoortA't, Esq., Audlgr Hall IVatving Shed, BUulh 
burn. 18S1. 

* See IboUmt^ p^ge 523. 
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Table No. 133 {€iMii$iual}, 



Data. 


A 


J 


VoLUMBS IN Cubic Feet, and Wughts per 
StrokBi in Pounds. 

Volume of I St cylinder 

Volume of clearance of 2d cylinder -.V<7, 

Weight of steam, M, and water, Mp, thioogh qrlinder.... 

Weight of steam and water shut in ist cyl. clearance., mc 
Total weight of steam and water in ist cyL, M + M, + 

Weight of steam and watei shut in clearance of ad 

Total weight of steam and water in 2d cyl., M + M,, + mc^ 


60.346 

I.OOO 

8-953 
6.85 

1.2798 

•05335 
.05400 

.0 1 440 

1.29430 
.73700 
.92633 


13.02 

.3151 
38.66 

103s 
2.916 

13.61 

.60768 

.02430 

.08935 

.66681 
.43930 
.51789 

.01680 

.62448 
.50015 
25.558 


Work Expressed in Thermal UnitSi per Stroke. 

Absolute work of total expansion in ist q^inder 


55-16 
117.00 

21.56 

I Ra 

XI 7.00 

148.80 

148.80 
15.00 


37.49 
54.6X 

31-47 

7.14 
73.69 

12.03 
0.60 
95-83 

53-49 
60.06 

33.73 


Heat Passing Through the Engine per Stroke. 

Do. do. as pnminf,' water MpXil^ 

Do. do. by condensation in 


Z43I.O 
13. 3 

49.6 


686.06 
6.76 

80.09 


1493.8 


773.91 



• 11 = Weight of injection-water. 

t M =: steam through cyliiulcr; jkt stroke. II =total heat of stcnm, mea.sured from 32° F. 
J Mp" priming w.itcr thnui^h c)linilcr per stroke. ^ = therni.il units necessat}' to raise I lb. 
«f water from 32* F. tO tlic temperature /. 

i M I seflbcUve cmideiuAtioii in iacketi per stroke L—hteot heat of evapontion. 
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Table No^ 133 {MUuttud}, 



Data. 


A 


J 


Verification of Q. 
Heat retained in condensed steam ( M + Mp) (/- 3a). . .Qj 


MM 


25.16 
58383 

"3-55 
22.72 

27.65 


• 




772.91 
357 


XNIIlKNAL rlKAi Or Olr^M AMI/ (VAi£«K CUri i Al^ i:.!) 

IN CVUNDBItS. 

At beginning of conqpiCflBum in high-pressure cylinder. Icj 
At end of da do. da ..I^^ 


915.60 
1035.30 

12.88 
15.32 

— 


540.80 
583.70 
546w8a 

6354 

3336 
10.60 


Heat given up to CyundeR'Walls during 

AdMIS'^ION. 


1493.80 


772.91 
oao9 


I ntenud heat of rtcain and water «hnt in ist qrl deanmo^L^ 

Internal heat of steam and water at end of adniianon...Ii 


15.31 


092.03 
33-36 




726.18 


55.16 

915.60 
488.76 


37.49 

540.80 

147.89 




726.IS 


HS&T GIVEN UP TO Cyi.iNDKR-WALLS DURING 

Compression. 
Internal heat of steam and water shnt in ist cylinder 

Work of compieasion in ist cylinder, in thermal \uuxs..Vfd 

Internal heat at end of compression in ist cylinder. ...Ir., 
Heat givenupto ist cylinder-walls duringcompression..Q(y 

Internal heat shut in 2d cylinder bv compression h\ 
Work of compression in 2d cylinder, in thermal units, WV, 

Internal heat at end of compression in sd cylmder....If4 

Heat given up to ad qrL-walls during compFe8sloa...Q</i 


I 2.00 
1.80 


63.54 

7.14 


14.00 

1 5-32 


70.68 
3336 


- 0.64 


3732 

10.60 
0.60 




11.20 
17.89 




-6.69 



*|I = Weight of injectkui.watcr. 
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TaUe No. 133 {cMthnud). 



Data. 


A 


J 


Heat Absorbed bv Steam during Expansion. 

DuYcrencc in internal heats in ist cylinder. ^2~^i 

Absolute work of total expansbn in ist qiinder. 

Heat absorbed during cjqmiuoii in ist qrlinder 

Inteinal heat shut in ist cylinder by compressioil I^i 

Internal heat 01 steam shut in 2d-cylinder clearance... 1^4 
Internal heat at end of ist-qrlinder stroke + woik of 


1 19.7 
Z17.0 


42.90 
54.61 


336.7 


97.51 


— 


546.82 

6354 
72.69 




683.05 
17.89 


— 


665.16 
6iS»i7 




49-99 


Exhaust Waste (or Loss) from ist CyuMDBR. 

Bv Direct Measurement. 

Internal heat at end of ist-cylinder stroke ...Ij 

Internal heat of steam shut in ist-cy Under by com- 

Woik of expolaion fi»m ist qrfinder, in Aennal 

units 

indicated work, in ist cylinder 

Heat p\xm up by condeuatioa in ad cylinder and 

Exhaust waste (<»: loss) from ist qrlinder into sd C)rL..Qr 

OTHERWISE. 

Heat given up to surfaces of ist cylinder during 
Heat given up by condensation in ist-cyl. jacket. ..MjLk 

Heat absorbed by steam during expansion in i st cylin- 

Exhaust waste (or loss) from ist cylinder into 2d 


I.035-30 
18.88 


583.70 
63*54 


1,088.48 

21.56 
148.80 
15.00 

886.0a 


53a 16 
3«'47 

53-49 
7.00 

47.66 
113.13 


i493«^o 


778.91 


-0.64 
49.60 


147.09 
37.32 
32-43 


537.7a 


8 1 7.64 


351.70 

286.03 


104.51 

I1313 


S37.7a 


8 1 7.64 



*M;L, condeOMtioa 111 ad-qrliader jacket MjL«gcondeBMrion la fBcriw-jtdwL 

Vol. I. a» 
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Table No. 133 (continued). 



Data. 


A 


J 


Exhaust Waste (or Loss) from 2D Cylinder. 
Internal heat of steam shut in km-piessuTe qrlinder by 

Work of expulsion from 2d cylinder, in tliermal units.. W^j 
Indicator horse-power + radiation, in ther. units...\V/-i- K 
Eithattst waste (or loss) by evaporatum into coodenser..Rr 

OTHERWISE. 

Heat given up from walls of ist q^tiuler dniing supply 
Heat given up by condensation in sd-qrL jacket...M,Li 

Heat absorbed by steam during 2d-cylinder stroke + 

radiation Q^, + Rj 

Loss by cooling action of condenser (evaporation into 




e Af\ R9 
ZO.6O 


Mil 


536.39 

12.03 
136.27 
88.39 




772.91 




116.83 
-6.69 






— 


58.99 

88.39 




147-38 


CoNsuupnoN OF Coal per Indicator Horse-power 

PER Hour. 

Total heat through engine per stroke {Q-Qi)»* calcu- 
lated from the temperature of the air-pump discharge 

Thermal units per indicator horse-power per minute, cal- 
culated from the temperature of air-pump discharge... 

Jrounas oi coai per maicauir norse-powcT per nour^ 
supposing feed-water, taken from hot-well, and cool 

Disposal op Heat (Q-Qi) passing through 
Engine per Stroke. 


1445.20 
415.10 

2.26 lbs. 

10.3 
88.7 

1 .0 


747-75 
281.50 

1.53 lbs. 

15.2 
8t.8 

.J ■ ^ 


Wrki»>r^M4 ItA^fr attfl Awm* nM* 


Summary of Results. 
Absolute boiler pressure in lbs. per square inch 


48 

14.62 
i6a82 

6.85 
Single-cyl. 


76 

23.98 
263.78 

13.61 

Receiver 







* Qistbe icadnal heat in the ooodenied steam in the oondeowr. 
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611 



Data. 



Summary of Results {continued). 
Percentage of supply fipom boiler p«M9ed tiuoug^ jacket. 

Indic-alor horse-pow«r 

lotai horse-power 

Percentage of loss by badc-fmssnre 

Percentage of water present in cylinder at cut-off 

Da da at end of ist-cy Under stroke 

Do. da at end of ad-t^Iinder stroke 

Percentage of total heat through engine lost by (OT 

evaporation into the condenser) 

Thermal units per indicator horse-power per minute 

Thermal units per total do. do. 

Pounds of dry saturated steam per indicator horse-power 

per hour 

Pounds of dry saturated steam per total horse-power 

per hour. 

Maximum theoretical efficiency* 

Actual efficiency t 

Thermal units absorbed by injection-water per indicator 

horse-power per minute 

Donkinls coefficient 



4.0 

101.79 
115.04 

"5 

43-8 
28.4 



19.1 
429.11 

379-8 
3a.o6 



19.5* 
.281 



.099 



13.2 

127.40 
138.30 
7-9 

34- 1 

22.3 

19.9 

11.4 
391.0 
a68.o 

14.84 

13.67 

•305 
.147 

219.8 
a95,x 



Tb abtohite tanpentme in boiler; Ti^ tfiat of condemer water fion ■ir>iNUBp. 

f Actual eJBdencys ^^•ftkerml milts per indkator hone^power. 
77* 



Chapter XIL— FRICTIONAL RESISTANCE OF 
STEAM ENGINES. 

The factional resistance of steam engines, in general, varies from 20 per 
cent to 8 per cent or 10 per cent 

The results of trials of portable engines at Cardiff, in 1872, already 
noticed, page 498, in which the horse- power delivered at the brake 
applied on the driving shaft, was measured and compared with the indicator 
power, showed the following results — in the order of efticiency: that is, the 
ratio of the work transmitted through the engine to the fly-wheel shaft 
and available for doing external work, to the effective work done by the 
steam in the cylinder. Only such results are here brought together in 
table No. 134, as were obtained under normal conditions of engine^ and 
of distribution of steam. 

Great variation is found in the frictional resistances: — from 12 percent 
to 20 per cent, giving from 88 per cent to 80 per cent of the indicator power 
at the fly-wheel shaft The indicator powers rai^ from 13 to 20 horse- 
power; and with the three higher powers the lower percentages of power are 
delivered at the fly-wheel shaft. The speeds likewise vary very much: — 
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from 114 to 180 turns per minute^ the hi|^ier speeds showing the lower 
efficiencies of transmission. 

Table Na 134. — Frictional Resistance of Portable Emgines of 8 Nominal . 

Horse-power. Cardiff, 1S7J. 



Older No. 


Cylinder: 
Oiamotar and 
Stroke. 


KlTcttivc 
Mean Proksure 

in Cylinder 
p«r Sqiuurs Inch. 


Tumt 
per 
Mumte. 


Indicator 
Hone- 


^rk^nal 


Efficiency 
of TiaaaauHMB 
at Brakes 








Uiraa. 


LELP. 


H.P. 


perotac 


H.P. 


par oat 


I 


9 X 12 


89.72 


"3.7 


14.0 


1-7 


12 


12.3 


88 


2 


S H X I 2 


33.9 


1 14.2 


13.6 


1-7 


12.2 


1 1.9 


87.8 


3 


9>2 13 


35.8 


1 16. 1 


13.8 


2.2 


16 


II.6 


84 


4 




37.0 


138. a 


30.32 


3.5 


17.4 


16.8 


82.6 


5 


9 X 12 


36.24 


179.2 


24.8 


4.9 


19.7 


19.9 


80.3 


6 


&^ X 12 


1 3»-»5 


168.8 


18.0 


3.6 


20.3 


14.4 


79-7 


Ayerages 






Z40 


Z7.6 


2.9 

1 


16.3 


14.7 


83.7 



One of the A compound portable engines of Messrs. R. Garrett & Sons, 
having 7-inch and io>^-inch cylinders, with 10 inches of stroke^ on cranks at 
right angles, was tested by the brakes and yielded the following results: — 



Resistance of Garretfs A Compound Portable En^ne. 







176.2 


192.4 




I.H.P. 


30.08 


29.14 




H.P. 


a6.x3 


aS.6s 


Difference, frictional resistance 


H.P. 


3-95 


3-49 


Do. per cent of the indicator power.. 






"•07o 






86.97. 


88.o7o 



The compound " undertypc " engines constructed by Messrs. R. Hornsby 
& Sons, are placed horizontally, with inside cylinders under a boiler of 
the locomotive form, having cranks at right angles. In the following 
tabl^ No. 135, are given particulars of these engines, of from 6 horse-power 
to 50 horse-power, nominal, with indicator horse-powers, resistances and 
efficiencies of transmission. The values of the resistances are evidently 
only approximate. But, taken at 16.7 per cent, they are almost identical 
with the average for single-cylinder portable engines, table No. 134. 

The three horizontal engines — Corliss and Wheelock — already noticed, 
P^e 5 1 5> vci^ tested for frictional resistance, as condensing and as non-con- 
densing engines. The results deduced by the reporters are summarised in 
table No. 136; in which the friction of each entwine running alone is dis- 
tinsTuished from the additional friction due to the load. The power 
absorbed by the air-pump, including its frictional resistance, is stated 
separately; and the "net effective horse-power," or work given off at the 
brake on ily-wheel shaft, is the difTerenoe of tiie sum of all these resistances 
and the indicator power of the engine. 

The Reynolds engine was fitted with an independent single-acting air- 
pump and jet-condenser, driven by a belt from the engine shaft For the 
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Harris engine a double-^ting air-pump and jet-condenser were used* driven 
from the crank-pin through a rocking lever. The Whedock engine was 



Table No. 135. — ^Resistance of Compound Undertype Steam Engjmes, 

BY R. HoRNSBV & Sons. 





Diancier of 
Cylinden. 






FI)r.wi>c«L 


Speed in 

Turni 

per 
Minute 


Indi- 


Horse- 


niffer- 

cnce. 


Frie- 
tional 
ResiM. 
ance. 


ESd- 
neyof 
TnuM- 
mis- 
sion 


Maxi- 
mum 
Indi- 
cator 
Hor»e- 
|K)»cr, 


Itone- 
powcr. 


lit Cy- 
linder. 


III Cy- 
linder. 


Stroke. 


Diameter. 


Width 


cator 
HurMj- 
power. 


power 
at the 
brake. 


I 


a 


3 


4 




S 


6 


7 


8 


9 


10 


II 


la 


•3 


N. H. P. 


ia«. 


in*. 


ins. 




ft. int. 


ins. 


turns. 


1. H. P. 


H. P. 


H. P. 


1 

per cent, p cent 


I. H. P. 


6 

8 
10 

1 2 
16 
20 
25 
30 

40 


I 

7% 
8 

9H 
10 

12 


8 
9 

'4 
16 

21 


10 
12 

•4 
14 
16 
16 
18 
18 

24 




4 0 

4 6 

5 0 

5 0 

6 0 

6 0 

7 0 

7 0 

I wheel 

8 0 
or 


5 
8 

9 

12 

14 
20 

12 

or 


220 
180 

•55 
'55 
•35 
135 
120 
120 


18 
24 
30 
36 
48 
60 

75 
90 

120 


15 

20 

25 
30 
40 

r 

03 

7S 

100 


3 
4 

1 

8 
10 
»3 
»5 

20 


t6.7 
16.7 
16.7 
16.7 
16.7 
16.7 
16.7 
16.7 

16.7 


833 
833 
83-3 
83.3 
83.3 
83.3 
833 
833 

833 


20 
26 

33 

39 
52 

f'5 
80 
96 

128 


SO 


13 


23 


24 




2 wheels 
7 0 


25 
'5 


j 90 


150 


125 


25 


16.7 


83.3 


160 



Notes to TaBI.B. — i. The indicator power, column 8, is that which can be economically exerted. 

a. The horse-pijwcr of engines fitted with coQdenwn, is fith to Ktl> additioBal 
to what is given in odiunns 8, 9, and 



provided with a Bulklcy condenser, not requiring an air-pump, the air in 
the c.xhau.st being carried down the descending limb of the condenser by 
induction. The average effective power, condensing, was JJS./iS per cent; 
and non-condensing. 89.44 per cent The difference in favour of the non- 
condensing action is .66 per cent, or less than i per cent 



Table Na 136. — I'rictional Resistance ok Corliss & Wheelock Engines. 

CyHndcn tS taciws in diMDcier, 4 feet •troke. 



Ehcinb. 


SsMd 


IndicMar 

powtf on 
Duty. 


FKcIimmJ Resistance of Eafiae. 


Net Eifective 
HoiM-iMwer. 


Alone. 

HP 
10.26 

9-5 7 

7.81 


Fittm 

Load, 


Air- 
I'ump. 


■r-l.il l't-.Ltiu:uU 
RcMstaoce. 

1 1 UP. 


Honie- 
power. 


Iti Piirts 

.>f 

I.H.P. 


Condensing. 


turn\ 
75-38 

75-83 

74-47 


I HP 
163.00 

158.38 


HP 
6.1 1 
6.24 
6.0a 


ILP. 

3-43 
4.69 

0.60 


HP 
19.80 
20.50 

14-43 


i>crcent. 
12.15 
12.38 
9.12 


HP. 
143.20 

145.08 

» 43-95 


pcrc«aL 

87.85 

87.62 
90.88 


NON-CONDSMSINa 


75-33 
75-81 
76.07 


137.02 
134-29 
139-97 


10.26 

956 
7.98 


5-07 
4.99 
5.^8 




15-33 

14-55 
13.26 


1 1.69 
10.83 

9-47 


1 21.69 
119.74 
i26.7i| 


88.61 
89.17 

90.53 
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An ordinary Corliss engine in the spinning mill of Messrs. Schlum- 

berger, Son, & Co., Mulhouse, was tested for resistance by MM. Walther- 
Meunicr and G. Keller in 1878.^ The cylinder was 2 feet in diameter, 
with a stroke of 4 foot. The power required to drive the en<;ine in exert- 
ing various quantities of power, was measured by two friction-breaks applied 
to a shaft driven by toothed gearing from the fly-wheeL The speed was 
maintained at 50 turns, or 400 feet of piston per minute. The results of 
the tests for frictional resistance are given in table No. 137, first in order. 
The remarkable result is here exhibited, that the frictional resistance of 
the engine is virtually constant for increasing indicator powers. 

A like constancy obtains in the results of tests of M. Hirn s single- 
qrlinder engine already noticed, page 518, using saturated steam. The 
results of tests for frictional resistance were according to Na 2 in table 
Na 137; Uie speed being at the rate of 30 turns, or 336 feet of fuston per 
minute. 

M. Hallauer compared the frictional resistances of Corliss, Woolf, and 
compound horizontal engines,- with the results No. 3 in the table. In this, 
as in the preceding Corliss engine, No. I in the table, the frictional resist- 
ance is constant for constant speed mth varying power. But the Woolf 
and the compound engines show an increase of resistance with the indicator 
power. In all cases the efficiency of transmission increases with the Indi- 
cator power. 

In the case of a horizontal Woolf engine tested by M. Walther-Mcunier,^ 
a small increase of frictional reststanoe took place with tiie power. The 
test was made in diree stages: ist, when the brakes operated without a 
load — their own weight only; 2d, when they were loaded up to the 

average work of the factor}''; 3d, loaded to the maximum power of the 
boilers. The normal speed of the engine was 39.34 turns, or 334.4 feet of 
piston per minute. The cylinders were 15 inches and 33^ inches in dia- 
meter, widi a stroke of 4 feet 3 inches. The results are Na 4 in the table. 
Here^ the increase of absolute frictional resistance is only 3.$$ horse- 
power, for an increase of 95.83 horse-power in the cylinders. 

M. Hallauer, in 1876, tested a horizontal Woolf engine, having cylinders 
of 15 inches and 33^ inches diameter, with a stroke of 51 inches. Making 
39.37 turns, or 167 feet of piston per minute, for 131.27 indicator horse- 
power, tiiere was 113.35 horse-power at the break, being 86.3 per cent 
of the indicator power, and showing 13.7 per cent frictional resistance. 

Another horizontal Woolf engine, running at a speed of 39^ turns 
per minute, indicating 130 and i8r horse-power, showed 112 and 161 
horse-power, or 86 and 89 per cent at the brake, making the differences 
18 and 20 horse-power, as frictional resistance, or 14 per cent and 11 per 
cent respectively. 

The compound horizontal engine of Weyher & Richemond, noticed 

* BtMtHm de la SotiM TntbistrMte de Mkikeme, vol. idriii. page 91a Also Pnae^ngs of the 

Jmtitutwn of Civil En^iut-ns, V')l. Iviii. pn^;!.- 3SS. 

' Proceedings oj the Institution of Civil Engineers, vol. IxiL page 3S5. * Ibid. voL L page 260. 
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at page 544, when tested by tlie brake, 3nelded 87 per cent of power at 

tile brake. 

Two Woolf beam engines, reported on by M. Hallaucr,^ one at Munstcr, 
and the other at Malmuspach, were tested for frictional resistance for 
various indicator powers at a speed of about 25 turns per minute. The 
first engine had cylinders 21.65 inches and 47)4^ inches in diameter, with 
strokes respectively 4 feet 7 inches and 6 feet 7 indies in length. The 
results were according to Na 5 in tJie table following. 

Table No. 137. — FaicnoMAL Rbsistancb of Singls and Compound 
Steam Engines Speeds Constant, Pownts VARviNa 

I. Corliss Engine — Schlumberger Co. 



Indicator horae-power.. 

Horse jxjwer absorbed by 
frictional resistance 

engine and shaft 

Do. do. per cc 

Efficiency of transmission, 
per cent 



by) 



72.8 


X03.0 


II9-5 


133-3 


145-4 


12.4 


12.3 


13.S 


1X.8 


12.4 


17.0% 


".9% 


".67. 


8.9% 


8.6% 


»3.o% 


88.1% 


88.4% 


9«.i% 


9M% 



158-4 

13.6 

8.5% 
91.5% 



2. Hirtt's Engiue. 



Indicator horse-power H. P. 

Horse-power by the brake H.P. 

Difference, or ftictiooal resistance. H.P. 

Do. da per cent ) 

of the indicator hone-power ) 

Efficiency of transmission per cent 



1 107 


"3 


"5 


146 


154 


95 


102 


114 


134 


M3 


12 


II 


1 1 


12 


II 




10% 


9% 


8% 


7% 


89% 


90% 


91% 


()2 , { 


93% 



3. Corliss^ Woolf f and Compound Horizontal Engines. 





CbriiM,OMCylMcr. 


WooK Beun. 


Compound 
(MuSeT 


Indicator horse-power H.P. 




137 


158 


•50 


220 


64.5 


78-5 


Horse {tower by the brake H.P. 


92.4 


1233 


145-4 


123 


189.2 


55-5 


68.3 


Difference, or frictional rests- \u-o 
tance. \ 


12.6 


137 


12.6 


27 


30.8 


9.0 


10.2 


Do. da per cent of tiie ) 




10% 


8% 


18% 


M% 


M% 


13% 




88% 


90% 


92% 1 


82% 


86% 


86% 


87% 



i 



4. Horiwontal Woolf Engine, 



Indicator horse-power 


H.P. 


95-5° 


131.27 


191-33 




H.P. 


78.18 


"3-35 


170.46 


Difference^ or frictional resisti 






17.9a 


ao.87 


Do. do. 


per cent | 


«8.i% 


13.7% 


10.9% 






81.9% 


86.3% 


89.«% 



^ BuUOtn de la SodiU iHdiutruUe de MulAmu, 1878 ; page 332. 
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Table Na 137 (cmimiud). 







5. lV(fo// Beam 


Engines. 












MwHtar. 






Speed in tums per ) 

Indicator horse- / 

power, H.P i 

Horse-power by the } 
brake, H.P ( 
DifTerence,friction- ) 
al resistance^ H.P. ) 
Do. do. percent of ) 
the indicator power ) 
Efficiency of trans- } 


25.4 

185.75 
145.52 
40.23 

2I.77o 

78.37o 


25,2 
267.85 
226 
41.85 
»5-77c 
84.37c 


25.2 
347.16 
303.16 

44.0 

87.37. 
1 


26.2 

'43" 
"8.38 

24.73 


25.9 

•49-53 
124.74 
24.79 

8m7, 


24.2 
201.64 
172.80 
28.84 
i4^7o 

85.67. 


24.8 

2 1 2.92 

183.67 
29.25 

i3-87« 
86.27o 


=5-5 
215.7 

185.7 
30.0 

13^7. 
86.17, 



From the results of tests of portable engines, table Na 134, page 612, 

it appears that the percentage of frictional resistance increases with die 
speed. But the data, being derived from engines of var^'ing proportions 
and construction, cannot be very closely compared. It is remarkable that 
whilst the other single-cylinder engines have shown a practically constant 
absolute redstance for varunis indicator powers at equal speeds, the Woolf 
and other compound engines show absolute resistances increasing with the 

Table Na 138.— Summary Resistance and Efficiency of Transmission 

OF Stationary Steam Engines. 



8 H.P. portables 

A comjjound portable 

20 H.P. compound un- > 

dcrtypc \ 

Corliss & Wheeler (three 
engines) average: 

Condensing 

Non'-oondens i ng 

Corhss , 

Corliss 

Him, beam... 

Compound horizontal 

Compotind horizontal ) 
(W'eyhcr & RichemoncD J 

Woolf horizontal 



Woolf horizontal. 

Wonlf horizontal. 
Wool! beam 



Woolf beam (Munster) 

Woolf beam (Maknu^pach) 



Cylinder : 
Diameter and 

Snokc 


SpccJ in 
Turns per 
MtBitte. 


Imlicitor 
Hor»e>power. 




1 KftKirncy of 


in*. ins. 


tum>. 


I. HP. 


jier cent. 


per cent. 


9x12 


1 14 to 180 


13.6 to 24.8 


13 to 22 


87 to 78 


7 X 10 ) 
10;^ X 10 ) 


176 to 192 


30 and 29 


1 3 and 12 


87 and 88 


8x 14 




60 


16.7 


83,3 


18 X 24 
»> >» 

24x48 

2ZH X67 

Il.lSx 18.9 

18.9 X 18.9 


75 
75 
50 

30 

1- 


162 

»37 
73 to 158 
105 to 158 
107 to 154 
to 78>i 


1 1.2 

ia7 
17 to 
12 to 8 

114 
14 to 13 

13 


88.8 
893 

83 to 91 
88 to 02 

88.6 
86 to 87 

87 


15 XSM 

33?^ ^ 5' \ 




95.Stoi9i 


i8to ti 


83 to 89 


15 X5! 

21.65x55 ) 
47.25x79 i 


394 

39.5 

253 
253 


131.3 

130 and 181 
150 to 220 

186 to 347 

143 to 216 


144 

14 and 1 1 
18 to 14 

21.7 to 12.7 

17 to 14 


85.6 

86 .and 89 

82 to 86 

78.31087.3 

83 to 86 
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indicator power. The drift of the evidence also leads to tfie conclusion 
that Woolf and compound receiver engines have a greater degree of Trie- 
tion.il resistance than Corliss and other sinj^le en<^ines. But the A com- 
pound portable is an exception. Its resistance, even at much higher speeds, 
docs not exceed that of the single-cylinder portable engines. The leading 
results are given in table No. 1 38 preceding. 

Pun^h^ Etigines, — ^The pumping engines of the East London Water- 
works, already noticed (page 508), worl^, when tested by Mr. Greaves, 
with the following frictional resistances, being the difference between the 
indicator power and the duty or work done in lifting water : — 



Engine Cylinder. Friction i! Resistance. 

Ajax. 72-iach 6.04 per cent 

Comish. 80 „ ZI.47 „ 

Wicksteed 90 „ 9.51 „ 

Victoria 100 „ 9.47 „ 

Average 9.^3 per cent 



The Soinch, 90-inch, and zoo-indi engines made^ on an average, six 
strokes per minute^ with 140 horse-power of duty. 

The Crossness beam pumping engines, already noticed (page 506), are 
double-acting single-cylinder engines, having 48-inch cylinders, with 9 feet 
of stroke, and a fl\'-u hcel for each engine, beyond the pump. The pumps 
are single-acting, two to each engine, one on each side of the main-centre. 
The working speed <^ &e engines is 11 tums^ or 198 feet of piston, 
per minute: When the engines were tested, the lift was 20}i fee^ and 
202 indicator horse-power for each engine was developed. The duty, or 
net work done in lifting water, was 86 per cent, and the gross resistance 
was 14 per cent. 

In the Woolf beam pumping engines, at the Lambeth Water-works, 
Thames Dttton, already noticed (page 533), the first qrlinder is 28 inches 
by 5 feet 6fi inches stroke; the second is 46 inches 8 feet The speed 
of Ae large piston may be taken as 230 feet per minute, corresponding to 
I4^i turns per minute. The losses by friction of engines and pumps were 
from 12 per cent to 15 per cent of the indicator power; showing from 88 per 
cent to 85 per cent of useful work or duty, under a lift of 210 feet 

The receiver pumping engine (the J engine), already noticed, constructed 
by Messrs. James Simpson & Ca, erected at the Lambeth Water-works^ 
Ditton, has 2i-indi and 36-inch cylinders, of syi feet stroke, making 
24 revolutions per minute. Indicating 127.40 horse-power, the duty under 
a head of 35 feet, was proved by Mr. E. A. Cowper to amount to 774 per 
cent, showing 22.6 per cent of frictional resistance. 

The Lawrence beam pumping engines, already noticed (page 53S), have 
compound cylinders, 18 inches and 38 indies in diameter, with a stroke of 
8 feet Making 16.3 turns per minute, the duty was 83.7 per cent of the 
indicator power, and the total resistance 16.3 per cent. 

Two Worthington direct-acting pumping engines, constructed by Messrs. 
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James Simpson & Co. for the West Middlesex Water-works, at Hampton, 
were tested in a 24-hours' trial by Professor W. C. Unwin. The two steam 
cylinders of each entwine were 27 inches in diameter, with strokes of 4' j feet 
The pump plungers were 40 inches in diameter. The engines made 17.28 
double strokes per minute, developing for botii engines 255.52 indicator 
horse-powar. The duty in water lifted under a mean head of 6a63 feet, 
amounted to 85 per cent of the indicat(N: power, widi a reststanoe of 
15 per cent/* 

Another Worthington pumping engine, constructed by Messrs. James 
Simpson & Co., with compound cylinders, and compensating cylinders, 
at the New River Water-works, Stoke-Newington, was tested by Mr. E. A. 
Cowper. The first ^nders were 37 indies in diameter, and the second 
were 54 inches with a stroke of 3.603 feet The total number of strokes 
averaged 35. 31 per minute, under a head of 14S.4H feet of water, the 
pumps being 28 inches in diameter. The indicator horse-power was 330; 
the duty horse-power was 301.92, or 91.5 per cent of the indicator power, 
showing 8.5 per cent f<Hr iHctional redstance.' 

Sununarizing these results <^ tests of pumping engines, they are as in 
the following tables Na 139: — 

Table No. X39. — Summary Resistance and Efficiency of Transmission 

OP Pumping Engines 



Had of 
Water. 



East London Water works : — Cornish 
Crossness Sewage Wwks: — Rota- ) 

live, beam J 

Lambeth Water-works: — Rotative, ) 

Woolf beam j 

Lambeth Water-works: — ^Rotative, 1 

receiver-beam ) 

Lawrence Water-works: — Rotative, ) 

compound beam | 

West Middlesex Water-works: — \ 

Worthington. f 

New River Waler-woiks, Worth | 

ingtoD jf 



feet, 
140 

20.5 
2X0 

35 
169 

60.63 

148.48 



speed in 
Double Mroke» 
or Turns 
per Minute 



double-strokes. 

6 
II 

94 

16.3 

35-31 



ReMxuince 
in iiarls of the 
Indicator II. P. 



per cent. 

14 
IS to 1$ 
93.6 

16.3 

IS 

8-5 



ROieitwifor 



per cent. 
yO.77 

86 
881085 
77.4 

83.7 
«S 

915 



DISTRIBUTION OP FRICTIONAL RESISTANCE IN STEAM ENGINES. 

Professor Thurston has made a long series of trials with four types of 
steam engines^ to determine how much power is lost in friction at tiie 
different working parts: — t. A "straight-line** engine* having a 6-inGh 

> These pttdodanue derived fnm the mportwimUi^ 1888^ 
pege565. 

•See Engituerittg, January 4, 1889, page la 
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cylinder, with a 12-inch stroke, with a balanced valve and an unbalanced 

valve. 2. A traction engine, having a 7-inch cylinder, tv-ith a lo-inch stroke, 
and locomotive valve c^car. 3. An engine havinc^ a 12-inch cylinder, with 
18 inches of stroke, and an automatic balanccfl expansion valve. 4. A con- 
densing engine, having a 21 -inch cylinder, with a 20-inch stroke, and a 
balanced valve. From a paper on tihie subject read at the meeting of the 
American Society of Mechanical Engineer^ in October, 1888, the following 
table is derived: — 



Table No. 14% — ^Distribution op Friction in sobcb DntBCT<AcnMO 
Stbam Emcimis. Dr. Thurston. 



F«m or EMam 


PncBMTACis or Total Friction. 


"Smight 

by iz in. 
Balanced 
Valve. 


" Straight 
Line" 6 in. 
by ij in. 
Unbalanced 
Valve. 


7 in. l»jr ioin.| 

Landing 
Iron-wori» — 
Traction : 
Locomotive 
ValwGw. 


n in. by iS in, 

Lan&inK 
Iron-work> 
Automatic, 
BaJanccd 
V«l«» 


■ji in by JO in. 

Irun-works — 
Condensing, 
liaUnccd 
Val««. 


Cross head and wrist pin... 
TotaL 


47 0 

32.9 

6.8 

5-4 

2-5 

5-3 


35-4 

2S-0 

4.1 / 
26.4 ) 
4.0/ 


21.0 1 
13.0 j 

ss.o 
9.0 


41.6 
49.1 

9-3 


46.0 

ai.8 
ax.o 
12.0 


lOO^O 


xoao 


100.0 


loao 


100.0 



It may be remarked, in conclusion, on the friction of steam engines, 
that the degree of nearness to uniformity of frictional resistance for various 
powers of the same engine at the same speed, is probably dependent upon 
the degree of nearness by which the momentum of the redprocadi^ parts 
is balanced by the pressure of tiie steam. 



Addendum. — A test-trial was recently (March, 1889) made by the 
author of a small non«condensing steam engine, vertical, having the cylin- 
der ovethead, working to the crank shaft below, with an ordinary slide 
valve worked by an eccentric The cylinder was 4 inches in diameter, widi 
a stroke of 5 inches, and steam was cut off at one-fourth of the stroke, at a 
pressure of about 29 lbs. per square inch. At an average speed of 197 turns 
per minute, the engine indicated .7S0 horse-power; and the brake on the 
fly-wheel .337 horse-power, or only 43.2 per cent of the uidicator power. 
This result is confirmatory of the statement already made^ that the smaller 
the engine, die greater is die friction proportionally. 
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SECTION III. 
THE CONSTRUCTION OF STEAM BOILERS. 



Chapter L— ELEMENTAL STRENGTH OF STEAM BOILERS. 

L STRENGTH OF A CYLINDRICAL SHELL. 

The total pressure on a i-inch length of both sides together of a 
cylindrical boiler is equal to the product of the internal diameter by the 
pressure of .steam per square inch. Let — 

</=the internal diameter, in inches. 

/s=the thickness of metal at each side, in inches. 

f aathe ultimate tensOe or bfeaking streogth of the metal, in tons per square indu 
/ — the steam-pressuie, in pounds per square inch. 

Then dxp'a the total pressure on a i-inch length of both sides together; 
2 / is fhe sectional area of boUi sides; and 2 isx or, 



4480/j . 



._^;and*— ^ (0.(2). (3) 

4480* 4480/ 



For riveted joints, the tensile strength, s, is to be taken as fhe product 
of that of the whole plate by the coefficient of strcnc^th. 

Longitudinal Pressure. — When the ends of a cylinder are closed, and 
make one piece with the cylindrical portion, the total longitudinal resistance 
to internal pressure is directly proportional to the thickness of the cylin- 
drical portion, and to the diameter; whilst the total burstii^ f<Mice acting 




on the ends is proporti<mal to the area of one end, or to the square of the 
diameter. The bursting pressure per square indi that can be resisted 

longitudinally as well as transversely is inversely proportional to the diameter. 
Let tlie circle and the rectangle, figs. 257. be a cross section and a longitu- 
dinal section of a cylindrical boiler. The area of the circle is a measure of 
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the longitudinal pressure of the steam on the ends of the boiler. Set otf 

the interval a a on the circular section, and the equal interval cc on the 
loDf^itudinal .section; and draw the diameters ad, ah, and the parallels cd, cd. 
The areas of pressure to be resisted are respectively the two triangular 
spaces ab, and the rectangle cd; and, since the former have only half the 
surface of the latter, it follows that the longitudinal stress per square inch 
on the shdl is only half the transverse stress. 

On the same showing, a hollow sphere can resist tu ice the pressure per 
square inch that a tube of equal diameter and equal thickness can da 

n. STRENGTH OF FLAT EXDS AMD SEGMENTAL ENDS OF 
BOILERS AND OTHER CYLINDERS. 

The end of a csdindrical boiler, consisting of a perfectly flat unstayed 
plate of uniform thickness, springs and bulges outwards when it is subjected 

to internal pressure. The form of the cavity is spheroidal rather than 
spherical: — the deflection or bulging being greatest at the centre. The 
bulging is accompanied by an extension of the plate radially, under the 
tensile stress which is set up; and it may appear, at hrst sight, that the 
bulged form is a segment a sphere. But, according to the form of a 
sphere^ the tensile stress must be exerted equally in every direction, tiiat 
the extension may take place circumfcrcntially as well as radially, and at 
the same rate. This is the essential condition of true spherical expansion. 
Whereas, in the bulged end, extension of the plate circumfcrcntially is 
resisted by the cylindrical body of the boiler, which acts as a curb ; and the 
internal stress of radial extension is accompanied by circumferential com- 
pression. The form of the cavity is, tiierefor^ more nearly elliptical than 
spherical, the shortest radius of curvature being at the circumference. 
Nevertheless, the curvature of the bulge, within the very limited range in 
practice, is so nearly identical with that of a sphere, that it m.ay, for the 
purpose of calculation of strength, be assumed to be sphcricaL The 
inference is that the line of ultimate liracture Is not diametral, or in the 
line of a great drcle of the sphere. It is circumferential, that is, at right 
angles to the radius of tlie cylinder, at the outer circumference^ in the line 
of the fastening, — where failures in fact do take place. 

The stresses in the end-plate, — the radial-tcnsional and the circumfer- 
ential-conipressive, — are balanced by longitudinal stress in the body of the 
boiler. The relations of these stresses, and formulas deduced therefrom, 
have been fully treated by the author.^ 

The conclusions and formulas are here quoted: — 



Ultitnate Mastic Deflcciion of End-plaU. 
« radius r 



aa as 



(4) 



* See a paper "Cd die Strengdi of Flat Plata and Segmental Ends of BoOen and other 
Cylinders,** in the ilMwAsr «^ J^kmSi^s ^ At InOUiUim ^ GoU Ettghmrtt volnme liii. 1878 s 
page 17a 
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j^_ di«netCT _ d ^ v 

2 = the deflection in inches. 
r = the radius in inches, 
^/-the diameter in inches. 

Allowing that the elastic limit is reached under a strain of \ loooth of 
the diameter of the cylinder, representing a stress of 12 tons per square 
inch, tiie diameter and fhe radius of die spherical bulging are given by 
the fonnulas — 

JXamUeroMdlUuUitt^tktSfgmmtal^kenattkeElaslk 

Dsaar. (6) 

D-114/ (7) 

f'=iir-s.5^ (8) 

D = thc diameter of the sphere, in inches. 

d-the diameter of the circular junction of the end-plate with the cyUnder. 
r' =e the radius of the sphere. 

A hollow sphere, like a hollow cylinder strained longitudinally, is capable 
of resisting twice the bursting pressure per square inch that would rupture 
a hollow qrlinder transveisely of tiie same diameter. The formula for the 
bursting strength of a hollow cylinder may be ad^ted for calculating the 
resistance of a sphere to internal pressure 1^ doubling tlie coefficient; when 
it becomes — 

4480 / J X 2 8960 ts /q\ 

/sintemal pressure, in lb& per squsre indi. 

thickness of plate, in inches. 
x<B tensile stren^^th of the plate, in tons per square inch. 
D — diameter of the sphere, in inches. 

This formula may be adapted directly for a flat cnd-platc, strained by 
internal pressure to the elastic limit, by substituting for D its value when 
the radial extension of the plate is loooth, namely 1 1 ^/ — 

Hclative Internal Pressure and Stress in the End-plaU strained to the 

dasHc Umit. 

8960/x 8jjj^ (xo) 

^ lid d ^ ' 

p = internal pressure, in lbs. per squsie indi. 

/= thickness of the plate, in inches. 

J ^ tensile stress in tiie plate, in tons per square inch at the elastic hmit 

This equation is good for steel plates, as well as for iron plates, since 
the elastic limit of strain, taken generally, is the same for both metals, 
namely, Vi«»^ of the length. The values of j, the elastic strengths, are— 

For iron, 1 2 tons per square inch. 
For steel, 14 „ „ 
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Substitute these values fof s in the fonnula (io)» and the following formulas 
are obtained, in which the coefficients have been reduced to round numbers — 

£las/tc Strength of Circular fiat End-plates of Iron tmd St^^ of uniform thichms^ 
fastened at ike etramftrmee, es^^oted it bulgmg fressun imifarmfy distribitted. 

Forinm ./-looooj- (") 

Forsted 11500^ (12) 

/ = bulging pressure, in lbs. per square inch. 

thickness of the plate, in inches, 
if* diameter of the plate, measured to die drcnlar line of junction. 

Since the end -plate is thrown by deflection into a state of tension 
tiiroughout its thickness the resistance to bursting pressure follows the 
ratio of the thickness simply: not the ratio of the square of the thickness, 
as is assumed for the most part by writers on the resistance of flat surfaces. 
The experiments of Sir William Fairbairn on the resistance of l:(-inch and 
^-inch plates to bulging stress, applied at the centre, showed clearly that 
the resistance increased directly as the thickness. The experiments of 
Mr. Kirkaldy point to the same conclusion.^ 

The magnitude of the second stress — the circumferential-compressive 
stress — is found by means of the formula^ — 

The Compress^ ^reu at the Greumferendal function of a Fiat Endpiaie. 

.JtirjdH^, (,3) 

8 

^■total compfessive stress at the ctrcmlar line of junction, in pounds, 
internal pressure, in pounds per square inch. 

fa* internal radius of the cylinder, in inches. 
/ = radius of the spherical end, in inches. 

Thouf^h the compressive stress has been supposed, for the sake of 
illustration, to be concentrated in the line of junction between the end-plate 
and the cylinder, it is actually distributed over the whole of the diametral 
section, from side to side of the end-plate. But the distribution is not 
uniform. The stress is a maximum at the circular line of junction, and it 
obviously vanishes at the axial line, where the bulging of the end-plate» or 
deviation from a plane, is equal to nothing. 

For the case in which the metal — iron or steel — of the flat end -plate, 
is strained radially to the limit of its elastic strength, this formula may 
be used: — 

Cm^rmiiet Stress at Mr Gramrfenntial JmuHon ^et Flat End-plate when 
the nuUal stndn reaches ike dastie lim^. 

2 

(=S'Spr'. (14) 

* See A Manmi of Rules, Tables^ and Data, page 569. 

'This formula Is the s.nmc in ooMtmctkn u that gtven by Raokine in A Jfemul ^ GvU 
EngtHterimg, 1863; page 228. 
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Example. — The flat end-platc of a cylindrical wrought-iron steam boiler 
is inch thick, and is 24 Indies in diameter, measured to the centre line 

of the circle of rivets forming the joint. 

The clastic deflection at the centre, by formula (5), in which d=2j\, is 
equal to =' 44 = . 55 inch. The elastic bulging pressure by formula (il), for 

which /=^, is equal to />= ^^^^-^^-^ = 208 lbs. per square inch. The 

24 

compressive stress at the circumference is by fonnula (14), 

^^l-SP^^hl X ao8 lbs. X Z3*- i64f736 lbs., or 73.5 tons. 
It has been found that the elastic resistance of wrought iron, when in 
quantity, to compression, may be taken at 20 tons per square inch. An 



area of \^^^ 3*^75 square inches^ would tiierefore have dastic resistance 

suflBctent to <^pose tiie compressive stress in this example. 

To compare the elastic resistance of this flat end-plate wi^ that of the 

cylindrical portion of the boiler to which it is attached, 24 inches itt diameter 
and of )^-inch plate. By the usual formula (i). 



reckoned for solid plate. This value is 5.4 times the value for the clastic 
strength of tlie flat end-plate, which is 20S lbs. per square inch. Passing 
over, meantime, the reduction of strength at the joints, which would have 
the same proportion for both the parts, it would follow that a flat end-plate^ 
to be equally strong elastically with the cylindrical portion, would require 
• to have 5.4 times the thickness of the other, which would amount to 
(Y X 5.4 = ) 2.7 inches. For ^^-inch body-plates, the required thickness for 
the end-plate would be x 5.4 = ) 2 inches. 

The ratio of resistance for flat unstayed end -plates and cylindrical 
bodies of equal thicknesses, namely i to 5.4, is the same for boilers of all 
diameters, suf^posing that the line of junction is at the edge of the cylinder. 

In these analyses of stress and strain, the eflfect of riveted joints in 
rcduciiiL,^ the strength has not been considered. Inasmuch as the weakening 
influence of riveted joints is the same proportionally for end-plates as for 
cylindrical-plates, die ratios of strength remain unaflected the joints, 
although the absolute values are reduced by* them.' But the reduction of 
strength at the joint does not necessarily affect the play of the end-plate 
within the elastic limits of the solid plates; although it may induce a slight 
(Ugrcc of permanent set, which, as Mr. Robert Wilson explains/ may be 
advantageous, "in preventing the plate from becoming grooved by the 
continual variation of pressure in working," and tfie consequently varying 
deflection. 

A diametrical riveted joint across a flat end-plate does not necessarily 
reduce the resistance of the plate to bulging stress, since the tensional 
stress is radial, and is therefore coincident with the seam. 

* ** The Strength of UnsUyed Flat Surfaces," Enginaria^, September 28^ 1877; page 24a 




4480 /J ^ 4480 X H X IS 

d 24 



II30 lbs. per square inch, 
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Figs. ajS and 3J9.— Ezperiroenul Pieces for End] 



Mr. S. Nicholls* gives die results of four experiments made by him in 
1876^ partly under the direction of Mr. Wilson, for testing the strength of 

unstayed flat ends of boilers. 

A sample piece, fig. 258, was constructed by Mr, Nicholls, 2 feet 6 inches 
in diameter inside, and 2 feet long. The body was made of one 7/,6-inch iron 
plate, butt-jointed, with a double- 
riveted sii^le welt One end a 
was closed Mrith a ^-inch flat 
plate, formed with a 25^ -inch 
flange turned to a radius of i inch 
inside, and riveted to the body. 
The other end b was closed with 
a 9/16- inch plate riveted to an 
angle-iron ring, 3 inches by )^ inch 
thick, on the outside of the body. 
The extreme diameter outside of 
the ring was 3 feet ^ inch, and 
the end-plate was joined to the angle-iron by a line of ^-inch rivets at 
a pitch of 2^ indie^ of which the centre-line formed a circle 2 feet 
loy^ inches in diameter. The rivet-holes were punched. When tested 
by hydraulic pressure, the ,6-inch plate failed in the line of the rivet- 
holes. For the second trial, a ^^-inch plate was substituted for the 
9/i6-inch plate which had failed. When proved, it failed in the same way 
—across the rivet -holes. For the third trial, an inverted dished plate, 
^ inch thick, was substituted, as in fig. 259^ for die ^-inch fiat plate which 
failed in the second trial. This plate was dished to a radius of 3 feet, and 
was formed with a 3-inch flange; it was inserted with the convex surface 
inwards, and riveted direct to the body. The pressure-gauge got out of 
order, and the trial was abandoned. For the fourth trial, the ends were 
cut out and a 3-inch angle-iron, }i inch thick, was inserted at a, fig. 259, 
inside the body, to which a ^-inch flat plate was riveted, with a line of 
^-inch rivets at a pitch of 2 inches* in a circle 2 feet 2% inches in 
diameter. The plate failed by fracture through the rivet-holes. For the 
fifth trial, the 3^-inch flanged plate a, fig. 2 5 8, originally applied, and then 
removed, was again inserted and riveted through the flange to the body. 
This plate failed chiefly at three places in the turn of the bend, on the 
inner side, measuring 285^ indies apart diametrically. 

Although the failures through rivet-holes, in tiie firs^ second, and fourth 
trials, only resulted in complete fracture for one or two short lengths in 
each specimen, — through rimed rivet-holes in the first and second trials, — 
nearly every rivet-hole was damaged more or less, and when complete 
fracture did take plac^ die pressure instantly subsided. But the flanged 
plate behaved odierwise. It failed by two stages; after die first failure^ 
when considerable leakage took place, die pressure was still further increased 
before final rupture was effected. The inverted segmental plate which was 
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riveted to one end of the boiler, and employed as an abutment for the 
bursting pressure, resisted without set the hic^hcst pressures applied. Its 
max! mum deflection was 1/16 inch. The principal results are here 

abstracted : — 





Tliii kiiesi of 
Plate. 


DUmetcr of Line ot 
Futeniof. 


Deflection at 
t*o lbs. Prctture. 


Bunting Pressure 


Final I>eflecuoii. 


I 

2 

4 
5 


9/. 5 in. 

H » 
H >* 


2 ft. io}i ins. 

2 2^ „ 

* n 4}i » 


H in* 

jti in. 
"/.« in. 


380 lbs. 

200 „ 

370 .» 
300 to 380 lbs. 


ins. 

i}i ins. 



Deflection by bulging^ commenced with the apj^h'cation of pressure, and 
the increase of deflection was i)ractically uniform until about one-half the 
bursting pressure was applied. For higher pressures, the deiicction increased 
more slowly; the decreased rate of increase was clearly due to the increas- 
ing convexity of tihe i^ate and the decreasing diameter of the sphere of 
convexit)'. The plates took a set early in the course of proof, and it is 
likely that the set arose from a yieldinij in the body of the plate. Calcu- 
lating the deflection and the pressure within the clastic limits, by formulas 
(5) and (u)— 

No. 



3±i =.78 inch, 
44 

44 

m .60 M 

44 

^-.65 „ 
44 



10,000 X '^^'S s 163 lbs. per square inch. 

3 5 



lO^OOOX 



10,000 X 



•375 



26.25 



= 109 „ 



= 143 



10,000 X 

' 28.5 



13a 



The calculated elastic pressures range well within the proved bursting 
pressures, and the elastic deflections for the fourth and fifdi experiments 
arc in harmony widi the experimental observations of deflection. But the 
elastic pressure for No. i is relatively hi;^h for the bursting pressure, whilst 
the clastic deflection is much lower than the experimental deflection for 
that pressure. These two comparisons for No. i point to the existence of 
a partial crippling of No. I plate, which, for its greater thickness, was no 
doubt aflected to a greater d^jree by the bending stress at the join^ due 
to lap-rivetinc:, than the fi-iocfa plates. The flanged plate r^ave evidence 
of circiimfi rential compressive action in the contracting^ of the circle, and 
the wiclcnin::^^ of the angle at the bend; whilst, by the formation of the 
square angle for tlie flange, an clement of contrary flexure near the circum- 
ference was introduced, which aided in reducing the diameter of the 
spherical surface in ten«on. 

Cast-iron Ends. — Although there is no definite elastic limit for cast iron, 
short of the ultimate strength, it is convenient to adopt an extension of 
Vmoo part of tlie length, the same as for iron and steel, as the working 
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elastic limit, corrcsprmding to a tensile stress of 5 tons per square inch for 
ordinary castings. The formula for clastic deflection will be tlie same as 
that for iron or steeL For the elastic bulging pressure^ the coefficient in 
formula (i i) for iron, is to be reduced in the ratio of 12 tons to 5 tons; then 

(lo^ooo X ^ = ) 4166 is the coefficient for cast iron; say 400a 

1 2 

EUuHc Straig/A ^nmph Flat Cast mm Ends ^ Q^ndtn, — Iron ^ 

ordinary stren^h. 



i = deflection at the centre, within the elastic limit, in Inches. 
d = diameter of the Une of fastening, in inches, 
/atbiclaiess of the plate, in inches. 

elastic bulging premire, in lbs. per squaie indi, tmifbtmljr 
distributed. 



For cast iron of stronger quality, the numerical coefficient in formula {16) 

is to be increased in proportion. 

Upon the whole, the results of Mr. NichoU's experiments afford satis- 
factory evidence of the validity of the formulas for the elastic deflection 
and die elastic strength of simple flat ends for cylindrical vessels of iron or 
of steel, subjected to internal uniform pressure. 

Segmental Ends. — ^Thc resistance of segmental ends of flinders is 
calculated on the same principles as that of flat ends. 



r== radius (a</) of tiie circular junction, in inches, or of the cylinder 

when not otherwise described, 
if s diameter {ac) of the circular junction, in inches. 
V - versed sine d'), or the rise of the segment, in inches. 
D - diameter of the sphere, in inches. 
/ - internal pressure, in lbs. per square inch. 
i- thickness of the pbte, in inches. 
f« tensile stress in the plate, in tons per square inch. 

The internal pressure due to the value of D, the diameter of riie sphere^ 
is given by the formula (9), here repeated — ' 



/=40oo^ 



(IS) 

(16) 



Diameter of the Stgmenial ^hert, 

D=-+» 



(W) 




•0 ts 



(18) 



in whidi is to be substituted tiie value of D above given : — 

R^ltive Internal Frasure ami Stress in the Segmental End. 

. 896 0 t s 



(19) 
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Substitute the values o{ s: 12 tons for wroiii^ht iron, 14 tons for steel, 
and 5 tons for cast iron. Reducing, tiie formula becomes, for a whole 
plate, taking the resulting coefficients in round numbers: — 

£Uutie Slmigth Stgrnmbdw S^kemd Ends Cylmders ^im^um ^idtnm. 

Wrought iron, / = (ao) 

V 

Sted, p^i^^ ; (2i> 

— +» 

V 

CiStiR», 450001 

V 

Example. — A cylindrical iron boiler, 2 feet in diameter, has a spherical 
segmental end, of which the rise or versed sine is 6 inches. The plates are 
inch thick. What is the elastic strength of the end of the boiler.' Using 

formula (20), /=>^, r= 12, and v=6\ then — +s/=^ +6 = 30 inches, tlie 

spherical diameter; and ^»i£~9Jli^Bi8oo lbs. per square inch, the 

elastic pressure per square inch for the end. To compare this value with 
the elastic pressure for the body of the boiler: — By the ordinary formula ( i ), 

page 620, ^■_44^X }4>i^2_ ^ lbs. per square inch for the whole plate. 

24 

The allowance that should be made for the comparative weakness of a 
riveted joint at the circumference of a segment is an uncertain element. 
Supposing for the present that the strength of the end-plate is reduced in 
the same proportion as that of the body, it would follow that the spherical 
end is of the same elastic s tr eng th as the body, measured by the internal 
pressure in lbs. per square inch, when the spherical diameter is twice the 
diameter of the body, the thickness of plate being the same. In the 
present example the spherical diameter would be (24x2)^48 inches, 
instead of 30 inches, for equivalent strengths. 

To find the proportional rise or versed shie of Ae segment of equal 
elastic strength for equal thidcness of plate; the diameter of the sphere, 

(^+^t is equal to twice the diameter, or four times the radius, 4^; 

>4r. Redudng for the value ct v, 

Fened Sine of Segmental End of equal strengA^ 

v^Mir (33) 

that is to say, the versed sine or rise at the centre of a spherical segment, 
having the same thickness and elastic strength as the body of the cylinder. 



or 
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is about one-fourth of the radius of the end of tiie cylinder, or one-e^hth 

of the diameter. 

For a diatnctcr of 6 feet, for example, the rise or dish of the spherical 
end of equal strength would be 9^4 inches. 

The tensional stress in the metal due to a given pressure and given 
dimensions is found by an inversion of formula (19): — 



Tensile Stress in tiu Segmental End jor a given pressure. 

(»4) 



• 8960/ 

IIL STRENGTH OF STAYED FLAT SURFACES OF BOILERS.^ 

The flat plate^rfaces of steam boilers are stayed rows of bolts, 
pitched, usually, at equal intervals, vertically and transversely, dividing the 
surface into rectangles or squares. When internal pressure is applied on 

one face of the plate, it is bul^^cd, and resolves itself into a group of circular 
or arched segments starting from the stay-bolts, in the manner represented 
by a tufted cushion. The segments are mitred together like groined 
arches, and they meige in the elevated interspaces between the stay-bolts. 
In section, the plate is formed as a series of arches from bolt to bolt 
Like a flat end-plate, the stayed-plate is qualified for resisting internal 
pressure, by assuming a curved form. But whilst the flat end-pl.itc takes 
the form of a spherical segment, the radical form of the stayed-plate when 
deflected is cylindrical, or at least approximately cylindrical; and its 
capability for resistance can be calculated accordingly. 

When the plate is bulged to tiie elastic limit of extension, the deflection 
or rise for the span, or clear space between two stay-bolts, may be calculated 
by die formula ( 5 ), page 622, here repeated. 

EhemrD^UcHm af Fka Sk^O^kOts Oe Elastic ImuL 

■• ■• 

? - rise of the arched plate, in inches. 

clear distance apart between the two stay-bolts. 

When the metal — iron or steel — is strained to the elastic limit, or 
•/loooth of the span d between two bolts, the diameter D of the s^- 
mental circle is, by formula ( 7 ), page 622. 

D-ii/f. (26) 

and by formula ( i ), the corresponding pressure is P=^^^^-^\ or it is, by 
substituting for D its value, 1 1 d, and reducing, 

I This mlgect has abes^ been liiTCSt%Kted by die eollior ia his paper named in fiwt'note^ 
page 621. , 
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Rdative Internal Pmsure and Stress in a Fiat Stayed-plate^ Uniiud to the 

ElasHe Limit. 

t-^ (»;) 

/ = internal pressure in lbs. per square inch. 
/ = thickness of the plate in inches. 
</= clear maximum distance apart between two stay-bolts. 

tensile stress in the plate, in tons per square inch, at the elastic limit 

The formula (27) may be reduced for iron, for steel, and for copper 
plates by substituting thdr values of j; 12 tons, 14 tons, and % tons respec- 
tively, and reducing the coefficients to round numbers: — 

^astie Slrenf^ of Flat Stayed-plates, of uniform thickness^ exposed U bulging 

pressure u$uformfy dutr^utei. 

For iron / = sooo^ (28) 

For steel 5700^ (>9) 

a 

For copper /-33oo^ (30) 

TMehuss ef ^e^, and Diskmee e^art «f ike Sk^-beits, 

For iron t^-^^ (ti) 

5000 ^ ' 

^-5^' (3^) 



rasteel (33) 

5700 



(34) 



For copper t=-^^ (35) 

3300 

, {J6) 



When the pitdies of the stay-bolts, vertically and transversely, are 
unequal, the pitch of the greater length is to be adopted In the fore- 
going formulas. 

The stay-bolts should be so proportioned that they may not be stretched 
beyond elastic limits, when the plate is subject to the maximum elastic 
pressure; Stress is applied to them in two forms — tensile stress and 
shearing stress. 

With regard, first, to tensile stress, the product of the net sectional area 
of the bolt by the clastic tensile strength per square inch, should be at least 
equal to the total elastic pressure which the plate is capable of resisting. 



That ia^ on this assumption, .7854^'* j= — ^ ^ ^ ^ ; and rf'*= -^^^^ 



X P' X/ 



2240 .7854 X 2240 Xf 
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~ 1 760 J * ^'^^'^^^t taking the square root of both sides, d = ly^g '* 
or 

Uiatnder of Stay-bolts {at base ofthrMd) Strained to tlu Elastic Limit. 

d'^,oo2Ay/^^ (37) 

^—diameter of the stay-bolts, at the base of the thread. 



P«> pitch of the stay-bolts between centres, in inches longitudinally. 

P' = pitch of the stay-bolts between the centres, in inches, tiansvendy. 

/-total elastic pressure, in lbs. per square inch, on the plate. 

s =^ elastic tensile strength, in tons per square incL 

For bolts of iron, steel, or copper, having respectively 12 tons, 14 tons, 
and, say, 8 tons per square inch, elastic tensile strength, the formula 
becomes, by substitution of these values for s, and reducing — 

Proper Diameter of Stay-bolts {at base of thread) for Flat Stayed-plates. 



When P = P' 

Iron 4/'s.ooo69 V p F/; or if -.00069 (3*) 

Steel </'-. 00064 V PP> ; onf -.00064 PV/ (39) 

Copper...^ -.00084^ PF^: or ^-.00084 PV/ (40) 



With regard, next; to die amount of longitudinal diearing stress on die 
bolt, it may be taken practically as identical with the shearing stress on the 

plate, although, in realit\-, tlie area for shearing stress in the plate is some- 
what more than that in tlic bolt. The shearing resistance round each 
stay-bolt is usually evaded, where stay-bolts arc merely screwed into the 
plate, by the draiving of the plate off the bolt The same form of rupture 
takes place even if die ends of the bolts be riveted over on the plate: — 
the head is snapped off, or sheared off, and then the plate is drawn off the 
bolt. Occasionally, when the bolts are closely pitched, the screw-thread is 
stripped, cither from the plate or from the bolt; but most commonly the 
plate becomes so bulged and stretched by pressure, and the hole so 
widened, that the plate slips off the bolt widiout materially damaging 
the threads. The actual quantity of tliis resistance, which may be 
classed as shearing resistance, is, therefore, in general, much less than that 
which would be offered by a perfectly fitting screwed bolt fairly strained. 
If the screwed joint, between the plate and the bolt, were a perfectly close 
fit, the shearing resistance at the screw would be measured by the area of 
the screwed surfaces in contact, measured at the base of the thread ; and 
would be equal to the product of this area in square inches by the 
shearing resistance per square inch. The shearing resistance of iron 
may be taken as 80 per cent of the direct tensile resistance, but so large 
a proportion cannot be rendered at the screwed surfaces of the plate and 
the bolt. Mr. Brunei found that the nut, inch deep, of a screwed 
bolt, 1%. inches in diameter in the shank, could strip the thread from 
die boli but that a ^-inch nut could not do sa Here, the area of 



Digitized by Google 



632 



THE CONSTRUCTION OF STEAM BOILERS. 



equivalent shcarin;; resistance was 2]^ times the sectional area of the bolt; 
although, had the full measure of shearing resistance — 80 per cent of the 
tensile resistance per square inch — been exercised, the shearing area need 

not have exceeded {'^'^ ^% times the sectional area. In this case, the 

effective shearing resistance per square inch amounted scarcely to half the 
tensile resistance. In another case — that of a stay-bolt screwed into a i)I,ite, 
the result of an experiment made by Sir VVm. Fairbairn — the effective shear- 
ing resistance per square inch amounted to one-half of the tensile resist- 
ance: — a larger proportion than that ndiidi was eflfected by the nut, and 
reasonably laiger, as the nut was of narrow lateral dimensions. 

Under the most favourable circumstances, when the stress is fairly 
applied and bulging movement is prevented, the maximum effective resist- 
ance per square inch of the shearing surface of a screwed bolt in a plate 
may be taken as only 50 per cent of the tensile resistance of the bolt per 
square inch of section. In order that the measure of shearing resistance of 
a screwed stay-bolt should be equal to that of its tensile resistance, there- 
fore, the area of shearing resistance should be twice the sectional area of 
the bolt, as is expressed by the equation (^/'x / x 3. 14) = (^/"* x .7854 x 2), in 
which d' is the di.imetcr of the bolt at the base of the thread, and / the 
thickness of the plate. Reducing for d', 

ft^»t. {a) 

showing tiiat die equality of shearing resistance and tensile resistance of an 
iron stay-bolt would be attained when the net diameter of the bolt is twice 
the thickness of the plate, on the condition that the stress is fairly applied, 
without injurious distortion of the plate. But this is a condition which is 
not usually fulfilled in practice; and, even if the conditions of simple stress 
were fulfilled, it may be seen that the two formulas for the value of the 
diameter <^ of the stay-bolt are not commensurable; for whilst tlie first 
value, by formula (34), varies as die square root of the pressure^ the second, 
by equation {a\ varies as the thickness of the plate, and therefore also as 
the pressure simply. It is the better course to select the first of these 
formulas, (34), for determining the size of the bolt proffer for resisting 
tensile stress, and to make up, by way of compensation, if necessary, the 
needful power of re»stance to rupture between the bolt and die plate. 

There are three means of maintaining, wholly or in part, die resisting 
capacity of stay-bolts. First, by limiting the extent of the pitch of the 
bolts, so that the loosening effect of bulging strain may be minimized ; 
second, by riveting over the ends of the stay-bolts upon the plates; third, 
by extending the ends of the stay-bolts to receive nuts which are to be 
screwed with washers on the plates. Riveting, which must be done when 
the bolt is cold, and therefore done only to a limited extent, is satisfactorily 
effective only when the stay-bolts are placed at short pitches of about 
4 inches. But the addition of a nut at each end supplies an efficient 
means of ensuring that the resistance of the stay-bolt in its place in a boiler 
shall be brought up to the full measure of its tensile strength. 
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Example. — A flat iron plate, % inch thick* is stayed by rows <^ I^-inch 

bolts placed rcctaivMiI irl\- at a pitch of 12 inches both ways. The clear 
distance apart of the stay-bolts is (12 — l^ = ) inches. The deflection 

at the elastic limit is, by fonnula (25), equal to -^ssi^i^Zls^ inch; and 

44 44 



the elastic limit of pressure is, by formula (28), equal to 5000 x 



0.5 _ 



10.875 



= 230 



lbs. per square inch. The proper diameter of the stay-bolts, at the base of 
the thread, by formula (35), is equal to .0069 x 12 x V 230= 1.26 inches, 
corresponding to the external diameter, i indi. 

IV. RESULTS OF EXPERIMENTAL TESTS OF THE RESISTANCE OF STAY- 
BOLTS AND FLAT STAYED-PL.\TES. 

Screwed Stay 'bolts. — Sir William Fairbairn,' in 1853, tested the stren[^th 
of 3^-inch stay-bolts with enlarged ends screwed into - --inch plates of 
copper and of iron, some of them being riveted or headed in addition. 
Figs. 26a 

Bohs. Phten BrnUiic W«glit. 

1. Copper into copper, screwed and riveted 7.2 tons. 

2. Iron into copjicr, do. do 10.7 „ 

3. Iron into copper, screwed only 8.1 „ 

4. Iron into iron, screwed and riveted. ia.8 „ 

In the first test, the bolt broke through the shank; the sectional area 
was .44 square inch, and the ultimate resistance was at the rate of (7.2 x _^=) 
16.4 tons per square 
inch. In the second 
test, the rivet-head was 
broken off, and the 
bolt was drawn out of 
the plate, stripping tlic 
tiiread of l3a& plate. 
In the third test, die 
thread of the plate 
was stripped by the 
bolt. In the fourth 
test, the bolt broke 
through the shank, the 
screw and the plate 
remaining uninjured. 





Tig*, afia— Flat Stayed-piata, }i tacfa thick; Stor-tetan K 



The resistance was at the rate of 12.8 

= 2Q. I tons per s({uare inch. 

Flat Stayed-plates. — The foregoing tests of holding power are confirmed 
by Sir William Fairbairn's experiments with flat .stayed-plates tested by 
hydraulic pressure. He constructed two flat boxes, fig. 261, 22 inches 
square and 3 inches thick, having top and bottom plates of J^-inch copper 

» See Ust/itl Information Jor Enpnttrs (irt lehes). London, 1856. Appendix, p. Ixxiii. 
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and ^-inch iron respectively, inclosing a 3'a-inch water space; stayed 
with '3 i6-inch iron stays, havini; enlarged ends screwed and riveted into 
the plates, to represent the conditions of the fire-box of a locomotive. 
The sta>s were placul at inicr/aU oi' 5 inches in the first box, and of 

4 inches in the second. They were 
tested, by hydraulic pressure for 
bursting resistance. 

The first box bore a pressure 
which was gradually increased from 
245 lbs. to 425 lbs. per square 
inch. The bulging or deflection 
was not noted until a pressure of 
455 lbs. per square indl was at- 
tained, when thedeflcction amounted 
to .03 inch, or ''3^ inch. .At a 
pressure of 785 lbs. tlie dcllcction 
was .08 inch, or '/la inch» and the 
box gave way at 815 lbs. by the 
pushing of the copper plate off the 
end of the central stay-bolt, and 
the stripping of the copper thread. 
The ultimate stress amounted to 
9 tons on each stay-bolt 

The second box, under a pres- 
sure of 515 lbs., showed a deflection of .04 inch, or ''25 inch; at 965 lbs., 
and up to 1295 lbs., the deflection, as observed, stood without variation 
at .09 inch, or ' ,j inch. At 595 lbs. the deflection amounted to .34 inch, 
or inch; and at 1625 lbs. tlie box failed, by the pushing of the iron 
plate off the end of one of the middle stay-bolts, when the screw-thread in 
the plate was stripped. The ultimate stress on the stay-bolt was 1 1.6 tons. 

It is deducible from the results of Sir Wm. Faifbairn's experiments that 
iron stay-bolts are 50 per cent stronger than copper bolts; that iron .stay- 
bolts in iron plates are about 75 per cent stronger than copper bolts in 
copper plates ; and tliat by riveting over the resistance is increased about 
33 per cent, compared widi bolts whtdi are only screwed into the plate. 

Also, that the fastening of a ^-inch stay-bolt screwed into a ^-inch 
plate of the same metal as the bolt, and riveted, is stronger, when fairly 
tested, than the shank of the bolt; and that, generally, such a fastening for 
a bolt, of which the diameter is twice the thickness of the plate, of the same 
metal, is stronger than the shank. This deduction is corroborative of the 
argument, that the fastening and the shank would be equally resistant if 
the bolt be only screwed into the plate. This argument is, moreover, 
directly confirmed by the result of Sir William Fairbaim's experiment, in 
which a 3^-inch iron bolt stripped the thread of the screw from a 3^-inch 
copper plate. Taking the diameter over the thread of the bolt at "a inch, 
tlie area of the shorn surface was (>8 x 3'/; x ^b = ) 1 square inch; the 
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shearing resistance was 8.1 tons, or 50 per cent of the tensile strength of 
the bolt, which was proved, by the result of the first experiment, to be 
equal to 16.4 tons per square inch. 

To compare the resistances of the stay-bolts when tested by themselves, 
and when tested in the chamber, it may be assumed that the hold of the 
bolt in the )^-inch copper plate was as much as in the ^-inch iron platx^ 
since both plates failed, one in each box. The relative behaviours were 
then, as follows: — 



2Jhw-fuaf^ mol //mi St»jf-Mi spvwd dih a fi-intk Iron Fhiit and nvtUd, 







ffulStniB 




bolt broke in shank.... 


tons. 
12.8 

1 1.6 
9.0 



Here it is seen that the stay-bolts proved nearly as resistant, — ^within 
10 per cent, — in the chamber, at the 4-inch pitch, as they did when tested 
separate!)'; but that, at the 5-inch pitch, their resistance was less than 
three-fourths of that of the separate bolt: clear evidence of the advantage 
of a shorter pitch over a longer pitch, in bringing into action the shearing 
resistance of die bolt 

To apply the formula (28), for the strength of these two chambers: In 
the first chamber, with a 5-inch pitch, the bolts were, say, '3'i6 inch in 
effective diameter over the thread, and they were (5 — '3 16 = ) 4 2 inches clear. 
The elastic resistance of the stayed-iron plates was equivalent to a pressure 
of (5000 X ;^' u^4.2 = ) 44C lbs. per square inch. For the 4-uich pitch, the 
clear distance between the bolts was 3.2 inches, and the elastic resistance 
was equivalent to (5000 x ; h ^ 3-2=) 586 lbs. per square indL Comparing 
the calculated strengths with the recorded data: — 





BuIcinK 
first notcci at 


Calculated 

Elastic Strength. 


Suy-bolt Failed at 




455 
515 


lbs. 
446 
586 


Ibt. per M|. in. 
1625 



The calculated elastic strengths are, certainly, safely within the limits 
of ultimate strength. For the 4-inch pitch, the elastic strength is little 
more than one-third of the limiting strength; whilst, if the stay-bolt at the 
5-inch pitch had been as effective as the others, the bursting pressure ^\ ould 
have been greater in the ratio of 9 tons to 1 1.6 tons, already noted, or equal 
to (815 lbs. X ii.6~9 = ) 1050 lbs. per square inch. The elastic deflections 
were by formula {25), for the 5-inch pitch (4.2-^44 = ) .10 inch; and for 
the 4-indi pitch (3.2 -=-44 = ) .073 inch, or Vm inch- These values can 
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scarcely be compared with the deflections recorded by Sir William FairbaJm, 
the observation of which was c\ idcntly wanting in precision. 

Professor Thurston ^ records tiic results of experiments made in Xovcm- 
ber, 1872. at Sandy Hook, on the resistance of stayed flat plates in a flat 
chamber 6 feet long» 4 feet high, and 4 inches thick, made of the Abbott 
Iron Company's "best flanged fire-box iron" plate, 5/x6 inch thick, indosing 
a 3-v6-inch water space. The stay-bolts, i |h inches in diameter, were 
screwed into the back and the front plates at pitches of 85^ inches by 
93y x6 inches, and slightly riveted over. The chamber, containing five-sixths 
of its capacity of water, was burst under steam, fires being built up on both 
sides. It exploded completely under a pressure of about lbs. per 
square inch. " Both sides were stretched very considerably, assuming a 
dished form of S or 9 inches depth, and all of the stay-bolts drew out of the 
sheets without fracture, and without even stripping the thread of the 
external or tiie internal screw." On an area of (8^^ X93;i6 inches = ) 8o|^ 
square inches per stay-bol^ die total resistance for one stay-bolt amounted 
to 6 tons. 

The calculated ekistic deflection, by formula (25), was ( ^'^'^ ») .18 inch; 

and the elastic strength was, by formula (28), equivalent to (5000 x s/^-i- 
8.07 = ) 193 lbs. per square inch. As a matter of fact, the chamber was 
exj^loded by a pressure of only 167 lbs. per square inch. So much the 
worse for the fact The inferiority of the resistance displayed by this 
model was evidently due to the weakness of the fastening of the stay-bolts — 
to the strength cf whidv according to the reports, the riveting contributed 
very little — together with the wideness of the (Mtch of the stay-bolts. This 
experiment is instructive in showing how weak such an ill-proportioned 
structure may be. 

Mr. Lavington E. Fletcher'* records the results of tests made in August, 
1876, at Portsmouth, on an experimental flatstayed-duu&ber, 8 feet 7 inches 
long, 4 feet 8 inches hig^, and 6^ inches thidc, as in figs. 262. The plates 
at tfic back were of Lovnnoor iron, 7 ,6 inch thick; in the front, they were 
of Staffordshire quality, partly |< inch thick, and partly 7/,6 inch thick. 
The stay-bolts were i inches in diameter in the body, and fully i inches 
over the thread, with 11 threads to the inch. They were pitched at 
1 5 ^ inches horizontally and 15^ indies vertically, and had a head or a 
nut at the front of the chamber, and were riveted over at the back. As 
the chamber was peculiarly constructed for a particular purpose, the action 
at those stay-bolts only which were placed under normal conditions will 
be noticed here. 

At the first test, on attaining a pressure of 95 lbs., the back plate was 
forced over the end of No. 3 stay, stripping off the metal that had been 
riveted over, but leaving the threads on the bolt and in the plates uninjured. 

For the seccmd test, the stays i, 3, 7, and 8 were replaced by bolts 

^Jottmal of tht Franklin Institutf, February, 1872; page 92. 

> Chief £itgmetT*s Monthly R^«rt t» tit Mtmehtsttr SUam Usa't AsMciatuH, July-October, 
1876, page 31. 
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I ^ inch in diameter at the base of die tiiread, at both ends. At a pressure 
of 105 lbs. the back plate was forced over the end of Na 3 bolt; the tbieatUi 
were uninjured, but the metal that was riveted over was stripped off. For 

the third and fourth tests Nos. 3 
and 9 stay-bolts were replaced 
by i^-inch bolts, as before with 
nuts at both end& The back 
plate was forced over the end of 
No. 4 bolt, as in the second test, 
under a pressure of 155 lbs. 
For tlie fiftli test, the two remain- 
ing stays, Nos. 4 and 10, were 
replaced by ifi-inch stays, as 
before, screwed and nutted. The 
front plate cracked at No. 3 hole, 
above and below, about i ^ 
inches each way, under a pres- 
sure of 150 lbs. For the sixth 
tes^ the leakage was stopped 
witih india-rubber washers, and 
under 165 lbs. pressure the front 
plate burst at the lower line of 
rivets, through thirteen consecu- 
tive rivet-holes, which were coun- 
tersunk. 

The bul^ngs and sets noted 
when the pressure reached 60 lbs., 
75 lbs., and 165 lbs. successively, 
are given in table No. 141. They 
**were gauged by the help of fine 
strings carried across die face of 
the chamber at fixed distances* 
the strings forming datum-lines 
from which the measurements 

were taken " — before pressure, while under pressure, and after pressure was 
witlidrawn. 

It appears from these results diat the chamber burst, by slipping 
over stay-bolts, screwed and riveted only, at pressures of from 95 lbs. to 
155 lbs. per square inch. When all the stays had nuts, the front plate 
cracked at No. 3 hole under a pressure of 1 50 lbs ; and ultimately it bore 
165 lbs. without any failure at the stay-bolts. In testing the original marine 
boiler on which the chamber was modelled, the maximum amount of 
bulging in the plates of the bmler under pressures of from 60 lbs. to 65 lbs. 
per square inch, was 3/ ,5 inch, in the plates corresponding to the front of 
the model chamber; and */i6 inch full at the shell, represented b>' the back 
of the chamber. Of seven boilers tested in this way, only one showed any 
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degree of set: '/,6 inch on the side of the uptake. These results harmonize 
with those deduced from the action of the model diamber. The working 
pressure of the boiler was 30 lbs. per square inch. 



Table No. 141. — Bulging and Set of Flat Stayed-chamber, under 
Hydraulic Pressure, (rortsmotttfa.) 





Bmk or 










FkOVT or OlAIMBB 






Scnwcd 


dnwD^'^bttPiluL MtSr ilSt/Sivm M Bads. 


Screwed dawigh iatVm* aaa n«it«L 






Bulging. 


Set*. 




Bulging. 
















Geuged 












at 


At 


At 


At 


At 


At 


at 


At 


At 


At 


At 


At 




60 lbs. 


75 lbs. 


6olb«. 


75 lb». 


165 lbs. 




telbc. 


7$»bfc 




75 lb*. 


t6slb*. 




inch. 


inch. 


inch. 


inch. 


inches. 




inch. 


inch. 


inch. 


inch. 


inche*. 


A 


3/.6 


>^ 


i A/ 


HI' 


I3/.6 


M 


>^ 






V.6/ 




B 






0 


H/ 


1 7/, 6 


L 


'/.6 




V.6 


3/16 




C 


V.6 


'A 
H 


! >^ 




1/ 


K 


V.6 




V.6 






F 






1/ 




R 


}i 




X 




"/.«/ 


G 








If 


Hf 


Q 


■■'/.6 




X 


H/ 




H 






V.6/ 




"/.6 


p 






X 




H 










w 






X 


V.6/ 
















V 




V.6 


X 


















u 




V.6 


X 


H/ 





NoiB TO TABUt,-/mwBSBtaJiMf i dgnffiet 

The aiea supported by each sUy amounted to (15^x15^ ») 244.5 
square inches; and die total pressures resisted by tiie stays were: — 



Lb*. Tom. 

In the ist test (244-5 ^ 95 ^ ) io-4 per stay-bolt 

» 2ti » (244-5>' >o5 = ) 11-5 » 

» 4th „ («44.Sxi55 = ) »6-9 » » 

•f <»th „ « (344.5x165-) 18.0 „ „ 

In the sixdi trial, diere was no failure at the stay-bolts. All die riveted 
ends of bolts, i }( inches in diameter at die base of the thread, supported a 
pressure of 17 tons, and no doubt diey were capable of supporting 18 tons. 

The riveted bolts failed with from 10 to 17 tons. 

A second chamber of the same dimensions as the one just described, 
with 7/,6-inch front plates, and ^-inch back plates, was constructed and 
tested by hydraulic pressure at Portsmouth, in August, 1876. A screwed 
and riveted bolt was drawn out of the front plate, and the thread was 
stripped by a pressure of 120 lbs. per square inch. Two others were drawn 
through the back plate with 125 lbs. and 130 lbs. respectively. The fourth 
that failed was a riveted bolt, under 140 lbs. Finally, the chamber cracked 
at a rivet-joint, under a pressure of 140 lbs. 

The dastic deflection of the Portsmouth diambers is, f(»mula (25), 
(15.75 '-i.25-r44)».35 inch, an amount consistent with the average of the 
recorded observations for deflection, which are very various. The ultimate 
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elastic pressure is^ by formula (28), (5000 x 7/i6-r 1 5-5 = ) 141 lbs. per square 
inch. The chambers were burst under pressures of 195 lbs. and 140 lbs. 
respectively: and, in each instance^ the failure took place at a rivet-joint at 

the ed;4e of one of the plates. 

Mr. Wm. Hoyd' tested the resistance of flat staycd-platcs of iron and 
of Siemens steel. Four boxes were constructed, 27 inches square and 
9 inches deep, on angle-iron riveted frames, of whidi two were made 
with >^-inch iron sides, and two vtith 7/i6-incfa steel sides. The plates were 
connected by nine stay-bolts of iron and of steel respectively, at 9 inches 
pitch, screwed into both plates, in which the holes were drilled, and riveted 
over the plates in one iron box and one steel box, and nutted in the other 
iron box and the other steel box. The stay-bolts of tiie iron boxes were 

inches in diameter over the thread, and inches at the base of tiie 
thread; those <^ the steel-faced boxes were 1^ inches and 1% indies over 
and under the thread. The diameter of the riveted head was 7/,6 inch 
larger than that of the bolt, and the thickness at the centre was 3/, 6 inch. 
The nuts of the iron bolts were i}i inches deep; and those of the steel 
bolts 1 inch deep. The washers under the nuts were 3 inclics in diameter, 
and 3/39 inch thick. 

The bulging was noted at several points on each side of each box, 
by measurement from a steel straight-edge attached to the framework, 
amongst which were the points A and B, the intersections of diai^^onals 
on one side of each box. The extent and increase of the bulging or 
deflection for each box at the points A and B were as follows: — 

1. Iro/i Box — Siay-lfolts riveted over. 

Pressure in lbs. per square inch. 

65 lbs. 130, 19s, a6o, 325, 390, 4aa, 475 lbs. 

AtA,...o, .015, .031, .031, .046, .063, .093, .350111. 
AtB,...o, o, .015, .015, .o.|5, .093, .124, n 

2. St«i Box — Stay-bolts riveted over. 

Deflection, io inches. 

At A,...o, .031, .031, .046, .093, .390, .406, .406 in. 
AtB,...o, .031, .031, .046, .093, .s8i, .408, .531 „ 

3. Ifw S&x—Slajf-i^ ntMei. 

Prc«vire in lbs per sfju.irc inch. 

65, 130, 195, 260, 325, 390, 455, 520, 585, 650, 7x5, 780 lbs. 

Deflectioa, In indtM. 

At A — — — — .015, .063, .063, .077, .094, .125, .187, ,375 in. 

At B, — — — _ _ _ .015, .03T, .063, .135, .187, .375 „ 

4. &eel Box— Sf ay-bolts nutUeL 

Deflection, in inches^ 

At A, — — .031, .031, .031, .093, .218, .265, .407, .531, .656 in. 

At B, — — — — .094, .156, .379^ .375, .437, .563, .635 „ 

* "On Expaimeiits fdative to Stsd Ikf^mt*' AveeaBi^^^Im^iiliM MtAankat EMfoum^ 
1878. 
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The ultimate failure of the boxes witfi riveted stays, by bursting, took 
place at the central stay-bolta^ by the stripping of the edge or " lip" of the 
riveted head, which flew off as a ring; the threads of the screws were not 
damaged. The riveted boxes were burst by the failure of the angle-iron 

framiiK.,'-. Some of the nuts of the iron box were split. None of the stay- 
bolts were broken, nor were any of the plates cracked or fractured, nor 
were any of the ivadiers bent outwards at tiie edge 

It appears that, under the actual conditions, the elastic resistance of the 
iron plates was greater, and was continued for a longer range of pressure^ 
than that of the steel plates; whilst the deflection of the steel plates was 
greater than that of the iron plates. These dilVcrenccs are partly accounted 
for by the difference in thickness of the plates. For calculating the clastic 
strengths and tiie dastic deflections, by formulas (28) and (29), page 630; 
and (35), page 629, the foUowii^ are the data: — 

For Na i box }i inch, (9 - =) 7.5 inches. 

„ Naada « 7f6 „ 

„ Naado. t=}4 „ ^-(9-3 -)6 If 

„ Na4da /-'/^ » ''-(9-3 -)<> » 

For the 3d and 4th boxes, the pitch is here diminished by the diameter 
of the washers, 3 inches; to give the net span. The elastic pressures are:-^ 

For No. I box .^^5000 x >4 -5- 7.5 = 333 lbs. periq. in. 

„ No. 2 do ./ = 5 700 X 7,8 ^ 7 > s 3 n „ „ 

„ No. 3 do ./ = 5ooox>4^6 =417 „ „ „ 

„ Na4da .p'-57oox%+6 -416 „ „ „ 

The elastic deflections are: — 

For Na i box 3^7-5 44 = . 1 7 inch. 

„ Na s do. 3-7.6254- 44 = .173 „ 

„ Na 3 do. 3 = 6 -f- 44=. 136 „ 

„ Na 4 da 2^6 4-44=. 136 „ 

For the steel boxes, the calculated values correspond fairiy with tiie 
yielding points, where the limits of elasticity are reached; for the iron 
boxes, they lie within the actual elastic range — considerably so for the 
nutted stay-bolts. The pressures at which deflection commenced, and 
set commenced, together with the bursting pressures, as stated by Mr. 
Boyd, are here subjoined for comparison : — 

Deflection c., p.^,„ EIa>.!ir PrrMure, Buntiar 

^ Bcgim. Set Begun. calculated. PrcMurJ 

No. I. Iron, riveted 195 lbs. 390 lbs 333 lbs 550 lbs. 

„ a. Steel, „ 130 , 3*5 „ 3*7 « 550 „ 

„ 3. Iron, nutted, 390 „ 585 „ 417 „ xooo „ 

„ 4* Steel, „ a6o , 390 „ 4x6 , 900 „ 

Here» the calculated elastic pressures for the steel boxes are neariy the 
same as those at which the sets began ; whilst, for the iron boxes, they are 
considerably less. In all instances, the elastic pressures^ calculated, lie well 
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within the actual burstii^ pressures; although these bursting pressures are 
not measures of the ultimate strengths of the stayed-plates. The ultimate 
strength of each box la\' far beyond the calculated elastic limit. 

The elastic deflections of the boxes, — at the elastic limits of pressure, — 
are here repeated, and ilie actual defleetioii% measured finom the diagrams, 
are added, for comparison: — 

Elastic Dcflcctioii, BlMiie IMbclioi^ 

calculated. IWIIIInl. 

Na I. Iron, riveted 17 inch 050 inch. 

„ a. Sted, „ X73 „ 094 „ 

„ 3. lion, nutted 136 „ " 

„ 4. Steel, „ 136 „ 175 „ 

In each instance, e.xcept the last, the measured deflection was less than 
the calculated deflection. But the meaburcd deflections are very various 
amongst themselves. 

Messrs. David Grog and Max Eydi^ record tlie results of tests of 
flat stayed surfaces, representing the sides of a locomotive fire-box. Three 
drums were constructed 35^ inches in diameter inside, with two dia- 
phragms 2% inches apart, one of which was }i inch thick, and the 
other y/16 inch thick. The stay-bolts were J4 inch in diameter, pitched 
4^ inches square, and were tapped right through both plates, having 
14 threads per inch. Drums i and 2 were of sted and iron respectively, 
and in these the stay-bolts were riveted over at each end. In drum 3, 
which was of steel, check nuts were screwed on to the stay-bolts over the 
thinner diaphragm-plate. The edges of the diaphragms were flanged and 
riveted to tlie barrel or cylindrical part, with ^-inch steel rivets in drilled 
holeSk for the sake of strength. The drums were tested by hydraulic 
pressure, and gave way in eadi case fay the breaking of a stay-bol^ in one 
of the outer rows, after the |^-inch diaphragm had acquired a permanent 
set Messrs. Greig & Eyth consider that the bolts which broke were 
unfavourably placed, being in the neighbourhood of the comparatively 
yielding flanged corner of the plate. The area of plate supported by each 
bolt was 18.06 square inches. The diameter of each bolt at the base of tiie 
thread was barely >s/t6 indi, givii^ .51 square inch of sectional area in the 
iron bolts, and .52 square inch in the steel bolts. 

Drum Na a, lion.... No. x, Sted... No. 3, Sled. 

Breaking pressure per square inch 1230 lbs. 1628 lbs 1445 lbs. 

Corresponding stress on each stay-bolt ... 9.92 tons 13.16 tons 11.65 ^onsL 

Do. do, per sq. in. 19.45 „ 25.31 „ 22.40 

Ultimate tensile strength of stay-bolts ....22.23 w 28.83 » 28.83 



if 



In the iron barrel, No. 2, the first signs of failure appeared with about 
1 1 50 lbs. pressure per square inch, when the edges of the stay-head over 

* See " Experiments referrinf; to the use of Iron and Sted in Hi^l<fNinie fioikn^" in tlw 
Precttdings of tkt Jtutitution of Methanuai Enginetrs, 1S79. 
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the ^•incfa plate crumbled away. The plate was bulging^ out between the 
stays, and was beginning to leave, and partly to strip, the thread. Subse- 
quently the 9/,|fj-inch plate, at the other side, bulged frccly% and the stay-bolt 
slipped {gradually inwards through the -'8-inch plate. In drum I, the stay- 
bolt broke in the middle, between the two plates, after which the plates 
bulged freely, and leaked at the bolt-heads. In drum 3 also die stay-bolt 
broke in tiie middle, 

The calculated elastic limits of pressure by formulas (28) and (29), were 
for, — 

No. 2. ^-inch plate 634.1 lbs. per square inch. 

No. I. Do 555 6 „ „ 

Na 3. Do. 634.1 „ „ 

These quantities are consistent with the observed breaking stresses; they 
are from one-half to one-third of these. 

The records of bulging deflection of the diaphragms are. so far as they 
can be analysed, less than the deflections calculated by formulas already 
given. 

Mr. Phillips tested two experimental fiat boxes at rU mouth Dockyard, 
representing marine practice. They were constructed respectively of 
7/,6-inch and of ^-inch iron plates, stayed at intervals of 15^ inches by 
15)4 inches, with if^-incfa screwed stay-bolts riveted over at the ends, 
giving a superficies of 240 square inches for eadi bolt Tested by hydro- 
static pressure, the plates were lHi%ed between the stay-bolts, and were 
finally pushed off, or drawn away from the bolts, imder the following 
pressures: — 
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14.73 



When nuts were applied to the ends of the sta} -bolts through the 7y,^inch 
plate, they bore a pressure amounting to 165 lbs. per square inch, on the 
plate; when the box gave way at a riveted joint 

The maximum resistance of these plates has evidently not been 
developed. The elastic strength of the 7 ,6-inch plate, by formula (28), is 
(5O0OX7/,6-^ 14 = ) 157 lbs. pressure per .square inch. 

Conclusion. — The calculated elastic strength, in all cases except the 
Portsmouth and Pljnnouth trials, lies wdl within the range of the actual 
bursting resistance. In these trials the failures arose, not from the weak- 
ness of the plates, but from that of the ri\'ct-joints, or of the stay-fastenings, 
which were loosened and weakened by the bul,q:inc;s of the plate round the 
sta) -bolts. The greater degree of resistance of the sta>'-bolts of Sir William 
Fairbairn's boxes was clearly derived from the comparative nearness of the 
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Stay-bolts in those boxes, and the more limited range of the distortion to 
which th« stay-fastenings were subject. Even between diese two boxes, the 
advantage of the closer 4-4nch pitch over the wider 5-inch pitch, was per- 
ceptible ; for the more closely set stay-bolts made the ;:^rcater resistance to 
bulging stress. Whilst the 5-inch stay-bolts resisted rupture with a force of 
9 tons, the 4-inch stay-bolts resisted with a force of I \ tons. 

Upon the whole, the values for elastic deflection and clastic strength of 
flat-stayed surfaces given by means of the formulas may be accepted as 
af^roximately correct values, on the assumption that the stay-bolt fasten* 
ings are sufficiently strengthened to resist the weakening influence of dis- 
tortion other than that which arises from direct stress fairly applied. The 
nuts of the stay-bolts employed in the Portsmouth boxes proved to be 
effectual for securing that object 



Chap. II.— ELEMENTAL STRENGTH OF STEAM BOILERS— 
FLUE-TUBES, SEGMENTAL CROWNS. 

L STRENGTH OF FURNACE FLUEpTUBES. 

The resistance of plain cylindrical flue-tubes is usually supposed to be 

derived partly from the longitudinal tension to which they are supposed 
to be normally subject, as between the two fixed plates between which they 
are suspended, when dcilcction or alteration of form commences; and partly 
from the direct resistance to compression and collapse in virtue of the 
cylindrical form of die flue On this supposition, when die tube springes 
or incipiently collapses, the collapsing part is subjected to tensional stress, 
by the fact of its deflection from a straight line between the extremities. 
But the actual conditions arc not according to this supposition. The fur- 
nace is, by its situation, of a temperature much higher than that of the 
shell, and it endeavours to expand longitudinally to a greater extent than 
the shdl does; but, fastened to the ends, it is hindered from expanding to 
its natural limit, and is thus subjected to longitudinal compression. Accord- 
ingly, when it springs or incipiently collapses locally, the elongation of the 
part affected, in the first place, simply gives relief from compressive stress, 
without deriving any end support ; and only when it is sufficiently elongated 
by deflection is it assisted by tensional stress. That furnace-tubes are 
thus unsupported from the ends, is demonstrated by the uniform flatness 
of the figure of thoroughly collapsed flue-tubes of considerable length, and 
the sharp slopes with which each end of the tube joins the end-plate. 
The usual rate of slope is about i radially to 2 or 2>{. horizontally; or, other- 
wise, the axial length of the funnel-shaped junction at each end of a long 
collapsed flue is equal to the diameter, or i times the diameter, of die 
flue. From this it would follow that the support from the two ends 
to;:,'cther does not; under any circumstances, practically extend over a 
length of tube greater than twice or three times the diameter. 
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An instructive case of partial collapse of short furnace-tubes resulted 
from the overheating of a number of flues made of Famley iron, being the 

fumace-tubcs of some marine boilers in which, when at sea, the water-level 
was allowed to become too low. The flues became red hot, and partially 
collapsed. A few of them are represented by figs. 263, of which the lengths 

are from two to three times the 
diameter. The circular form of 
the ends was maintained by the 
fastenings; but trough -like de- 
pressions were formed by the rela- 
tive over-pressure of the steam — 
in one instance of a depth nearly 
half the diameter. The intervene 
ing ridges are portions of the 
original formation, and evidently 
served as struts in compression, 
taking the stress of the depres- 
sions in tension. These instances 
are oonfurmatoiy of tiie want of 
longitudinal resistance to col- 
lapse, even in comparatively short 
lengths of, say, 6 feet or 9 feet. 
Hence the propriety of limiting the segments of flue-tubes joined together 
with flange-seams» to lengths of about 3 fee^ the better to sustain the tube 
in shape, in case of incipient collapse 

It follows that the hydrostatic test is not conclusive on the power of 
resistance of furnace-tubes to collapse under steam-pressure; sceinpf that 
the shell and the tube, under the hydrostatic test, are of uniform temperature; 
and are not subjected to the unequal expansion and cross stress incidental 
to the steam test 

Reverting to the supposition that the resistance of qHlindrical furnace- 
tubes is derived partly from longitudinal tension between the ends, the 

possible aid thus derivable may be estimated. Conceive a longitudinal strip 
of the flue, i inch wide, to be isolated and suspended between the ends, 
and subjected to uniform pressure. The line of argument adopted, for 
calculating the strength of flat end-plates, page 620, is applicable here. 
The ultimate elastic d^ection is, modifying formula (5), page 622, 

/ 




367 



(O 



in which 3 = the deflection in inches at the mid-lenj^th, and /=the length 
of the strip, or — in this case — of the flue, in feet. Conceivinc^ the strip to 
take approximately the form of a segment of a circle, the diameter D of 
this circleBiii^ by formula (7), page 622, and the elastic stress in the 
strips strained to d»e dastic limit, is 

448o/£^34/j 



(a) 
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/sthe pressure of stress in pounds per square inch, 
/■(the thickness of the plate in inches. 

s = the tensile stress in the plate, in toos per Square inch, at the elastic linoit. 
/ = the length of the strip in feet 

Here, it may be noted, that the coefficient, 4480, in the formula (2), is one- 
half of that of the similar formula (lo) for end-plates, pacje 622; as the 
bursting resistance of a cylinder transversely is only one-half of that of a 
sphere. Substituting the values of s, 12 tons and 14 tons for iron and steel 

respectively, the formula becomes p^^^—j for iron; and reducing, it 

becomes, for iron and for steel: — 



For iron, (3) 

Forsted, (4) 



The resistance to collapse is directly as the square of the thickness of 
tlic plate, and inversely as the square of the diameter. The first ratio is 
obviously true; and, fen* the second, whilst tfie leverage of the pressure to 
double up the plate increases as the diameter of the flu^ the pressure also 
increases as the diameter; and the stress is in the combined ratio of lever- 
age and pressure, or as the square of the diameter. 

To form an idea of the assistance possibly derivable from longitudinal 
tension in resisting collapse, take an instance of an iron ilue-tube 25 feet 
long, 36 inches in diameter, of f^-inch plate. By formula (i), the ultimate 

elastic deflection of a flat strip, under the given circumstances, is i = _£|_ = 6.8 

3.07 

inches; and the pressure, formula (3), by which such deflection would be 
produced is lbs. per square indL A deflection of (SL8 inches 

is inadmissible for useful resistance; and if even i inch of deflection, within 
working limits, be allowed, die corresponding pressure would not exceed 
I lb. per square inch. 

Take, again, a segment of a flue of as-inch plate, made with flanged 
joints, 3 feet in length. The dcHcction of a i-inch strip within the elastic 

limit would be ^^- = .82 inch; and the acting pressure would be 40o x H ^ 

50 lbs. per square inch. 

But, unfortunately, the co-operation of longitudinal resistance can only 
be brought into action by such a deviation from the cylindrical form as to 
seriously impair or even destroy the direct compressive resistance to collapse. 
Therefore, in the case of considerable lengths of flue-tube, the longitudinal 
resistance^ except within veiy narrow limits, would not be available as a 
security against coUs^pse. But, let us assume an arbitrary limit of deflection, 
or deviation from the normal form, of I inch, for the exertion of longitudinal 
tensional resistance. The following are the relative pressures per square 
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inch that would be supported and resisted under that conditicm, for various 
lengths of plain iron flue-tube:— 



Length of Tub*. 




Pressure PerSiiuare Inth RcM<-tccl by Ivoneitudina) 
Tension, for Several 1 lii'.knc>s.c% of I'l.ite. 


Hbuh. 


r/,«iadi. 


H'mdL 






lbs. 


lbs. 


IbK. 


3 






58 


67 


6 


I.OO 




17.5 


30 


9 


1. 00 


7 


8 


9 


19 


I.OO 


4 


4-75 


5 


\l 


t.oo 


»-5 


3 


3.5 




I.OO 


1-7 


3 


2.2 


ai 


I.OO 


1.3 


»S 


1.6 


•4 


I.OO 


I 


1.2 


1.3 



From this statement it appears that the longitudinal resi.stance to collapse 
of plain flue-tubes, though important, on the given supposition, for short 
lengths of from 3 feet to 6 feet or 7 feet» is insignificant for greater lengths; 
and that; therefore^ all the resistance to collapse of unfortified lengths of 
plain flue-tubes more than 6 feet or 7 feet long is supplied substantially by 
the transverse compressive strength and stiffness of the tube. The current 
practice of boiler manufacturers and steam-users is corroborative of tlie 
forgoing conclusions on the resistance of furnace-tubes. From a list of 
2000 plain unfortified iron furnace-tubes of Lancashire and Cornish steam 
boilers, recently prepared by Mr. Michael Longridgc, a random selection 
has been made by the author of eighty-four tubes, of a^-inch, 7;'i6-inch, and 
J^-inch plates, of lengths varying from 7 feet to 32 feet, together with the 
working stcam-pressurcs which they had supported for years, without a 
failure. The several pressures for each thickness of plates do not seem to 
have any relation to the lengths of the tubes. But in the following table, 
No. 142, of particulars, tiiere is a sensible relation between the diameters, 
lengths, and pressures, taken together, and the thickness of plates; as is 
clearly shown by the comparative products of these three elements, thus: — 

^-inch plates «9.s x 19.3 x 41 = 23 343 

»» 33 X 20 X 45. 5 =30,030 

K f 33 X 24.6 X 46 = 37,342 



Table No. 142. — Plain Iron Furnace-tubes of Lancashire and 
Cornish Stiam Boilbrs, in wokking coMBmoN. 



Thickness 
I'lates. 


Number 

of 
Tubes. 


DiuKtcr. 


I>l,itticter. 


Laagtli. 


, 1 

Ave race 
Length. 


WotUflf IVenure per 
S^nMluh. 


Pressures. 


Average. 


inch. 


tuba. 


inches. 


inclmi 


rc«t. 


feet 


n». 


Ifaa. 


V.6 


43 


21 to 36 


295 


10.6 to xo 


193 


30 to 60 


41 


34 


i 27 to 44 


33 


7 to 32 


20 


18 to 65 


45-5 




7 


1 30 to 42 


33 


II to 33 


34.6 


30 to 66 


46 
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These products are approximately as 3, 4, 5, or approximately as the 
squares of the thicknesses of plates; and th^ seem to indicate that, taking 
comprehensix'c averages, the minds of desif^ners were influenced in some 
degree by the clement of length of tube, in relation to thickness of plates. 

The following instances (table Xo. 143; of collapsed Hues of Cornish and of 
Lancashire boilers have been collected by die audior from Mr. Lavington E. 
Fletdier's reports.^ They comprise flue-tubes of from 32 inches to 48 inches 
in diameter, }i inch and 7/16 indi in thickness, and from 18 feet to 40 feet 
in lent^th. The working pressure of steam at or about the time when each 
collapse took place is given in column 4, and the compressive stress on 
the metal per square inch of section is given in the last column. This 
stress is not generally so mudi as i ton per square inch. In some instances, 
no doubt, the flue-tubes had been aensiUy worn; bu^ in most instance^ 
they had been in good order. 

Table No. 143.— C^llapsbd Ftu»Ti7BBS op Cornish and Lamcashikz Boilbrs. 







1 




Traiii%crM- 


hcaaihct 
Bgflm. 




1 

ThirWni 
«f fhw4nl» 


Working Pressure 
of Steam, in Ll». 
per SqwK lach. 


Compressivc Stress 
p«rSqiiax« loch 
of Loagitudiml 
Sm^ oTTabe. 


t 


• 


9 


4 


5 


ftc*. 




ineh. 


KM. 




18 




fi 


60 


1. 16 


«4 


34 


It 


68 


1.40 


*l 


35 


>i 


64 


1-35 


so 


35 


M 


60 


X.38 


43 


36 


»l 


50 


.82 


28 


36 


II 


45 


•74 




39 


n 


45 


.80 




41 


>» 


40 


•74 


38 


42 


II 


45 


.86 




4a 


f* 


45 


.86 


3« 


44 


)» 


40 


.80 


34 


48 


II 


40 


.87 


17 


34 




55 


•87 


3a 


43 


n 


57 


1.12 


40 


45 


n 


45 


.9a 


3a 


47 


n 


SO 


1.07 


30 


48 


II 


43 


■94 


33 


48 


II 


4a 


•9* 


3a 


48 


w 


50 


1. 10 


98 


48 


s> 


50 


I.IO 



It is plain from this table that the mere length of flue-tube did not in- 
fluence the quantity of tiie resistance* whidi was simply the direct resistance 
to collapse; Plotting the pressures on f^-inch plate flues, column 4, as 
ordinates to a base-line representing the diameters, column 2, the medium 
curve traced through the plottings shows that the resistance to collapse 

* Mtmtkly R^ftrU t» the MamhttUr Uur^ Astotiativn^ 1862-69. 
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varied inversely as the 1.75 power of the diameter: tliat is to say, not In so 
great a ratio as die square erf* the diameter. It shows diat— 

For diameters of. 30, SS* 40) 45t 50 inches, fi-inch plate^ 

The coOapsing pressures were 76, 58, 45, 37, 30 lbs. per square inch. 

The oollapnng pressures for fAam iron furnace flue»tubes inch thick, 
are represented by die expression — 

^ ^ square inch. (a) 

Plotting likewise the results for flues made of '/xs-inch plate^ though 
limited in range, diey show tiiat — 

For diameters of. 40, 45, 50 inches, 

The coUapsing pressures were 60, 49, 4a lbs. per square inch. 

Against the pressures 45, 37, 30 lbs. per square inch for |ii-inch phute. 

These values of actual collapsing pressures are considerably in access of 
the w<wking pressures In current practice, given in table No. 142, preceding. 
Thirty-indi tubes^ for oeample, inch thick, are worked with steam <rf 
41 lbs. pressure per square inch; and they withstood 76 lbs. pressure 

before collapsin*^. 

The collapsing pressures are relatively as the squares of the thicknesses 
of plate; and die numerator of the expression (a), is convertible into the 
value (200^000/*), giving for the general equation of the resistance of plain 
iron flue-tubes to cdlapse, — 

CoUt^ sit ^ Pres s ure Plain Iron FhU'tuba «f Cormsh and Lameuhin SUam Bmien, 

J. 300,000 /* / e \ 

p = collapsing pressure, in pounds per square inch, 
(f- thickness of the plates of the furnace-tube, in inches, 
internal duuneter of the fumace-tnbe, in inches. 

For shorter lengths, it has already been shown, page 646, to what extent 
the longitudinal tensile resistance may be efiective in augmenting the 
resistance to collapse. It would follow that flues effidendy fortified by 

flange-joints or hoops at intervals of 3 feet may be enabled to resist from 
50 lbs, to 60 lbs. or 70 lbs. pressure per square inch more than plain tubest 
according to the thickness of the plates. 

IL STRENGTH OF SMALL TUBES. 

The resistance of solid drawn tubes of small diameters — ^from 3^ inches 
to 15^ inches in diameter, and rrom .134 inch to .109 inch in thickness — 
has been tested experimentally by Messrs. J. Russell & Sons.^ The results 
are averaged and summarized as in the table No. 144. 

' See a notice of tbese apcrimeoto In A Memmt SutOt TlMa, ami Data far MtkMieai 
EngiiutrSf page 693. 
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64.9 



Table Na 144. — Experimental Resistance of Soi.id-Drawn Tubes to 
Bursting Pressure and Collapsing Pressure. 
(Dedttoed from Mom. RvmSP* data.) 
Wrovght-Ikom Tuns. 













CoOipilDa PMmutb. 


DiflTefeixre 


Estemal 








Per 






Per ■qum 


of Bunt- 
inz and 


Dtameler. 








square inch 
Stt^ 


Sedtoaaf 


■quarc 

iiicii iif 


gncti of 
SMtioacT 
li«taL 


Collapsing 

PkCMBW. 


inches. 


B.W.G. 


inch. 


inches. 


lbs. 


tons. 


Ibn 


tout. 


toniL 


3X 


10 


.134 


2.982 


4800 


23.84 


3300 


17.86 


5.98 


VA 


10 


.«34 


2.857 


4500 


21.42 


3150 




5.02 


3 


1 1 


.120 


2.760 


4500 


23.10 


3500 


'9-53 


3-57 




II 


.120 


2.510 


5200 


24.28 


3500 


17.89 


6.39 




II 


.120 


2.260 


5000 


21.Q2 


3600 


16.74 


4.28 




11 


.120 


2.010 


5900 


22.06 


4500 


18.82 


3-24 


3 


. 12 


.109 


1.782 


5900 


21.53 


4900 


20.07 


1.40 




la 


.109 


1.533 


5600 


«7.57 


4000 


14-33 


3- 24 


Avera 


ges,oini 


tting the last tube 


- 


»40 




I&90 










Homogeneous Metal Tubes. 






3 


13 


.095 


2.810 


1 3600 


2377 


3150 


22.20 






13 


.095 


2.060 


7600 


36.78 


4600 


24.32 




2 


IS 


.072 


1.856 


4000 




3500 


21.70 




iH 


«7 


.058 


1.409 


4600 


34*94 


4000 


2S.02 










Bessemer Steel Tcbes. 










1 -095 


1 1.56 


1 7800 


28.92 


1 4600 1 18.91 


1 - 








Hydraulic Tubis. 








2% 




5/16 




proved to 












I 1,000 


14-73 








iH 






I 


6,000 


4.29 
















4,000 


2.23 












9/16 




12,000 


2.15 









III. STRENGTH OF SEGMMNTAL CROWNS OF FURN.\CES. 

The sphorical-scgmciUal upper parts or crowns of certain kinds of 
vertical boilers may be calculated for resisting force on the same principle 
as segmental ends have been treated, page 627. The action of the force b 
reversed — ^being compressive Instead of tensile^ and tensile instead of com- 
pressive; and, similarly, the resistance of the spherical segment to external 
pressure, acting compressively, is twice as much as that of a cylindrical 
body, even if it be thoroughly stayed to prevent failure by collapse. 

The formulas (19) to (22), pages 627, 628, for the pressure, stress in, 
and elastic strength of segmental or sphttical ends i^^lindera^ in rensting 
internal pressure are applicable in Ihe case erf" com{Hessive resistance to 
external pressure^ as follows: — 

Rdathc External Pressurt and Stress in tJu Segmental Crovm. 

P'^-^ (6) 

V 
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Elastic Stratph of Stgnuntal or Spherical Crowns of Cylinders^ of uniform thickness^ 

fnr resisHtig umfitrm extemed pnssur*. 

Wrought iron, (7) 

9 

Sted, (8) 

V 

Cast iron. /=45^ 

V 

twt thickness of plate, in bches. 

r^-radius of circular junctioii, or of the cjrlinderp when not otherwise described, 

in inches. 

V = versed sine, or rise of segment, in inches, 
external pressure, in pounds per square indi. 

In order that tlic results of these formulas may be implicitly accepted, 
it is indispensable that the spherical surface be perfectly formed, and the 
junction with the cylindrical portion truly circular; seeing that, whilst the 
tenden^ of internal pressure is to perfect an originally imperfect spherical 

form, external pressure tends to aggravate any deviation from a truly 
spherical surface. At the same time, it is much in favour of a spherical 
end or crown subjected to compressive pressure, that it possesses great 
power of resistance to buckling, and that tiic tendency of the strain is to 
render the circumferential junction, if <Higinally imperfect In form, more 
nearly truly circular. • 

Again, the proportional rise or versed sine of tlie segment of equal 
elastic strcnc[th, supposing the plates of the crown and the cylinder of 
uniform thickness, may be settled by the formula (23) already used, page 
62iJ. Thus:— 

Viirstd Sint of S^mmtal Crown ofeqiuU stra^th. 

v.ajr. (10) 

That is to say, die rise at die middle ci the sf^erical segment or crown, 
of equal strength, having equal thickness of plates, is, say, one-fourth of 

the radius of the cylinder, or one>eighth of the diameter. 

When the spherical segment is a semi-sphere, in which the rise is equal 
to the radius of the end, the [jlatcs. for an end of equal strength, need only 
be of half the thickness of the plates of the cylindrical part — supposing 
eveiy part to be perfectly formed and constructed. But it is not recom- 
mended diat die plates be of only half die thickness. 

The compressive stress in the segment due to a given external pressure, 
and to given dimensions, is found by means of the formula (24), page 629, 
already stated for tensile stress: — 
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Cm/m sioe Sims m a Segmental Cnmm for a given prasun. 

sJ^ L (ii) 

8960/ ^ ' 

Example. — ^The inverted dished plate in Mr. Nicbolls' experimental 

cylinder, fig. 259, page 625, sustained a maximum pressure of 380 lbs. per 
square inch. What was the compressive stress to which the metal was 
subjected? Here ^=380 lbs., /= ^ inch, r= 15 inches, and f =3>^ inches. 
Then,— 

0900 / 3300 

This high stress— 7/37 tons per square inch — is far in excess of any 
resistance that was otTcrcd by plain cylindrical fluc-tubcs. as recorded in 
pHL,fc 647, and it is confirmatory of the statement made that a segmental 
plate in such a situation possessed great power of resistance to buckling 
and consequent failure. 



Chap. III.— ELEMENTAL STRENGTH OF STEAM BOILERS- 
RIVETED JOINTS. 

L STRENGTH OF RIVETED JOINTS IN IRON PLATES. 

It is well known that Sir William Fairbaim, in 1S38, deduced from 
ecperiments with >j^*indi riveted plate- joints^ that their strengtiis were 
relatively as \qo, 70, and 56, for the whole {date, die double-riveted lap- 
joint, and the single-riveted lap-joint. 

At Woolwich Dockyard, Mr. W. Bertram tested various iron plate-joints. 
The results were reported, and they were investigated by tlie author, in 
1859.^ Staffordshire plates of good quality were selected for the trials^ of 
three thicknesses, ^ inch, 7/is inch, and inch; and made up into seven 
varieties of rivet-joints, 4 inches broad, 24 inches long, made with ^-Incfa 
rivets at 2 inches of pitch. The double-riveted specimens were chain- 
rivctcd. Three specimens of each variety of joint were tested, and the 
results were averaged. The fractures took place, in nearly all cases, in one 
of the plates. The normal tensile strength of the whole plates was nearly 
uniform, and avenged 20 tons per square inch. 

Mr. J. G. Wright* gives Hie strength of two specimens of single-riveted 
square lap-joints, and two of diac^onal joints, at an an^^lc of 45^ which were 
tested by Mr. Kirkaldy. They were made from :,-inch Staffordshire plates, 
12 inches wide, with ly^^ inches of lap, '3/,6-inch rivets at 2 inches of pitch. 

* See Rmhoay Locomodvts, i860, by D. K. Clark; page 2*; also, ^Mamial 0/ Xuk$t TaUe, 
and Data for Meehanital Ens^meen, by the same; paj^c 634. 

3 See discussion upon Mr. W. R. lirownc's paper " On the Strength and PBOfM rti flM of RtWtcd 
Joints," in the Procudiugi oj the InstUution of MeckankeU EnpHeen^ 1872. 
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The diagonal joint was made with eight rivets of the same size and pitch. 
The ultimate tensile strength of the solid plate was 19^69 tons per square 
inch with the fibre, and 16.80 tons across. The section of the whole plate 
was (i2X.38 = ) 4.56 square inches, and the total ultimate strength in the 
direction of the fibre was (4.56 x 19.69=) 89.8 tons. 



Entire plate S9.8 tons. 

Square joint 43>o » or 48 per cent 

IMagonal joint 58.0 „ or64 „ 

SqHnJeiBt. Di^ewdjoktt. 

Net sectional area 59.4 per cent. 9 r . 7 per cent of entire plate. 

Net tensile strength 48.O „ 64.0 „ „ 



Do. per square inch of net \ 
section, in parts of that of >8i.a „ 70.5 „ „ 
the whole plate ) 

The diagonal joint was one -third stronger than the square joint; 
although, per square inch of net section, it opposed less resistance, because 
its resistance^ which was necessarily exerted in an oblique direction, was a 
resultant compound of shearing resistance with the lengthwise resistance of 

the plates. 

The net sectional area of the square joint was 2.71 square inches; and 
the shearing section of tlie rivets, 3.1 1 square indie^ or 115 per cent of <lie 
net section. 

Mr. Brunei made experiments on double-riveted doublc-wcltcd plate- 
joints, specially suitable for girder-work, of which the author published an 
analysis in 1858-59.* The specimens were of best Stafiordshire plates, 
j4 inch thick, 20 inches wide, butt-jointed, with a covering or fishing plate^ 
or welt, on each side, 10 inches long, put together with punched holes and 
rivets, for chain riveting or square riveting, and zigzag riveting. 

Five whole plates, from 12 to 16 inches wld^ of tile same quality as 
the specimens, were broken by a force of from 19.4 to 23 tons per square 
inch: average strent^h, 20.6 tons per square inch. 

Mr. Longridge reported the results of tests for the strength of riveted 
joints in iron boiler-plates, made for him by Mr. Kirkaldy.' The plates 
were manufactured by die Snedshill Bar and Bolt Iron Company; and 
the rivet-iron and the rivets of scrap-iron, by Messrs. W. & J. Galloway & 
Sons, who also constructed the test-specimens. The specimens were made 
several inches in width, of '^-inch and 7'16-inch plates, — lap-jointed and 
with double-welted joints, single-riveted and double-riveted. Two speci- 
mens of each variety were tested, and the mean strength for each pair is 
reported. 

The gain of strength due to annealing the plates of the suigle-riveted 
lap-joints was 9 per cent when the rivets were shorn, and 17^ per cent 

* Rtctni Pnutict m tkt Loconuttmt Engiiu, 1858-59; also Kail-uuty Laetmttiottt 1860; pafe a*. 

* 71k Bmler ImHnuKt and Skam Fmir Ctm^atyf: Oati Engincei^g Rqpoct^ 1877. 
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when the plate broke: For double>riveted lap, and single-riveted double^ 
wel^ the gains were 6^ per cent 

IJ. DEDUCTIONS FROM THE EVIDENCE ON IRON-PLATE RIVETED JOINTS. 

The evidence supplied by the experiments of Bertram, Wright, Brunei, 
and Longridge, j'ust noticed, is exhaustively analysed in a work now in 
course of preparation by the author on tiie strength of materials. Mean- 
time, the deductions from the evidence are here given in summary. The 

numerous variations of dimensions and proportions render it somewhat 
difficult to draw useful deductions. But, to facilitate this work, a selection 
from amongst the best examples of tiieir kinds is drafted into table Noi 145. 
To these are added results of some experiments by Messrs. Greig and Eyth. 
(See foot-note^ page 656.) The double-riveted joints are zigzag, except 
Nos. 12, 13, and 14, which are chain-riveted. 

For the sake of simplicit>' of treatment, the original diameters of the 
rivets are employed in calculations of shearing area, and of the interspaces 
between rivets. 

Singie'riveted Lap-jomU in Iron PlaUs, Table Na 145.— There are 
four instances of ^-incfa plate>joints» Nos. 3, 4, 10, and 11. Of these, 

Nos. 3 and r I have nearly equal breaking strengths, 56 per cent and 
57.6 per cent. The)' have both s^^-inch rivets, but No. 1 1 has only 
l}i inches of pitch against 2 inches in No. 3. The slightly greater strength 
of Na II, notwithstandii^ the shorter pitch, may be due to the drilling of 
the holes, as against the punching in Na 3. Na 10^ having ^-inch rivets 
and inches of pitch-— making a slightly greater net plate-section than 
No. II — has only 50.6 per cent breaking strength, af^ainst 57.6 per cent. 
The inferiority appears to be associated with the smaller size of rivet and 
the shorter pitch; and this surmise with respect to No. 10 is strengthened 
by the parallel case of No. 9, having 9/16-inch rivets and i % inches of pitch, 
with 62.5 per cent net plate-section. It has only the same breaking 
strength, 50.6 per cent, as No. 10 has, even though it has, in its favour, less 
thickness of plate. On the other extreme, No. 4, having >3/i6-inch rivets, 
also has a relatively low breaking strcnc^th, 48 per cent. This is the 
result of an isolated experiment, the conditions of which are not recorded. 

Of the >^-incfa plate-joints, Nos. i, 5, and 6, table No. 145, the respec- 
tive breaking strengths are 40, 39^4, and 39 per cents. These are, con- 
sistently, almost identical, seeing that die proportions of rivet, pitch, and 
net plate-section, are very nearly the same: ^^-inch rivets at 2 inches of 
pitcli, with 62.5 percent net plate-section; and 13/16-inch rivets at 2^ inches 
pitch, with 61.8 per cent net plate-section. The larger diameter and pitch 
of rivets, namely, ^3/16 inch sfllid 2^ inches, appear to be the more suitable 
for ^-inch plates, as, without materially reducing the proportion of net 
plate-section, they provide a greater proportion of shearing section, — 
48.8 per cent of the whole plate-section, against 44.2 per cent for the 
5^ -inch rivets. 

Of the 7/i6-inch plate-joints, Nos. 2, 7, and 8, table No. 145, the respective 
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TaUe Na 145.— Summaxy Results op Cbaracibristic Tksis or Riveted 

Joitrrs OF Irw Plates. 



JOWT, 



BKCS 



I 

SiNGUE-KIVF.TED 

Lap-joints. 
t. Bertmm, No. 16 

2. Do. Na 17 

3. Do. No. 18 

4. Wright 

5. Longridge. No. a.... 
& Do. No. 4.... 

7. Do. No. 6.... 

8. Do. No. 8. . , . 

9. Do. No. 15 .. 

la Gnig ft Ejrfb, Noi. \ 

1&7J 

II. Do. No. 13 



Pundwd 
or 



8 

a 

o 



inch. 

punched' K 
punched 'lit. 
punched H 
punched H 

punched H 

drilled K 

punched, 



DOUBLE'RIVETED 

I a. Bertram, 1 
.No. i9(elnia)J 

13. Do. No. 30 ,, 

14. Do. No. ai ,, 
i^. Loi^ndge, No. z6. 



17 



Do! 



No. 17.. 

No. 21.. 



18. Greig&Eyth. No. 14 



SiNGI.K-RIVETED 
SlNCLE-WELT. 

19. Greig & Eytb. No. t8 



Double-riveted 

Sl.NGLE-WELT. 

ao. Cfdg & Eytb, No.ao 
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breaking strengths arc — -52, 40.1, and 41.6 per cents. The strengths of 
N OS. 7 and 8 but si i;^'htly exceed those of the '.-inch plate-joints, Nos. 5 
and 6: apparcnth' in consequence of the near equality of the percentages 
of shearing sections— in the exact ratio, nearly; and though the fractures 
took place, in part, in the plates, evidently the shearing resistance, on the 
whole, was the measure of the strength. That ^e 7/t6-incfa jotnt, Na 2 of 
tiie table, should have realized 52 per cent strength, gainst 401I and 41.6 
per cents for Nos. 7 and S, with the same shearing section, points to the 
likelihood that the rivets of No. 2 were of stronger iron than those of the 
others. 

For l^-indi plate-joints, single-riveted lap, of maxiniuffl strengtli, 
fj(-indi rivets at 2 inches of pitch are adopted. 

Double-riveted Lap-jcints in Iron Plates. Table Na 145. — The chain- 
riveted specimens, Nos. 12, 13, and 14, arc scarcely comparable clircctly 
with zigzag riveting. The values are probably a little too high for boiler 
work. Besides, the pitches were not adjusted to tlie thicknesses. Again, 
the values in Noa 15, 16, and 17 are probably too low for boiler work, 
since the rivets and dieir shearii^ sections are evidently of larger pro- 
portions than necessary. Rivets ^/^ inch in diameter, at a pitch of 
3 inches, for zigzag work, would have sufficed, whilst the net .section 
would have been increased to 75 per cent. No. 18, it is true, a 3y-inch 
joint, has 75 per cent of net section, and has only 64.6 per cent of breaking 
strength, against 72 per cent for Noi 14. But die rivets are ^ inch in 
diameter, and the defect of so small a rivet appears to prevail in the double^ 
riveted joint, as it did in the single-rivet joint The following may be 
taken as the breaking strengths for the given sizes: — 

For fi-indi plate... ^-inch rivets, 3 inches jHtch, 70 per cent breaking strength. 

For 7/.6 n —H » 3 »» ^5 » » 

For )4 „ M 3 » ^® »» »» 

Single- riveted Sin^e-wdt Joints in Iron Plates. Table No. 145. — There 
is but one instance of this joint. No. 19 in the table. For a 34-inch plate 
with ?H-inch rivets, at inches of pitch, the breaking strength is only 
46.4 per cent, which is less than that of the single-riveted lap-joint. No. lO 
of identical sizes, so.6 per cent The inferiority of strength is readily 
explained by the nature of the joint; in which, when strained, the welt is 
bent in the middle, between the rows of rivets, in reverse directions, — 
following the bcndini^s of the {)latcs; and the line of stress is diverted to 
a greater extent, when passed into and through the welt than when passed 
through a direct lap -joint This joint is therefore to be noted as the 
weakest form of riveted joint in uron plates; though it is redeemed in some 
degree when countersunk rivets are used. Against 56 per cent for the 
single-riveted lap-joint a breaking strength of 50 per cent is addicted for 
this joint, in 3|-{nch plates, with -^<(-inch rivets at 2 inches of pitch. 

Double-riveted Single- welt Joints in Iron Plates. Table No. 145. — 
Similarly, this joint is weaker than the double-riveted lap-joint, as is 
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manifested by the results in the table, of No. 20, a joint of this description 
having 55.6 per cent breaking strength, against 64.6 per cent in the case 
of No. 18, a double-riveted lap-joint of the same dimensions, making the 
difTerence 9 per cent There is something exceptional in the amount of 
this diflference. The breaking strength of tiie joint is taken at 65 per cent 
for 3:(-inch rivets, at 3 inches of pitch. 

Singlc-rivcted Doublc-ii'i/t Joints in Iron Plates. Table No. 145. — The 
evidence, Nos. 21 to 24, is scanty. It points to the following as the 
probable strengths of joints for the given sizes: — 

For ^-inch plate... -inch rivets, 2 inches pitch, 60 per cent breaking strength. 
For'/., „ ...^ „ 2yi „ 55 

t> it n 

For 5^ It " H n 9% » 5« » » f> 

DoubU^rivtted Doublt-wdt Joints in Iron Plaits, Table Na i45.~The 
percentages of breaking strength of the three specimens, Nos. 25, 26^ and 37 

of the table, averaging 70. 1 percent, are not much less than the percentages 
of net plate-section, which average 73.5 per cent. In the same proportion, 
the breaking weight for 3^-inch rivets and 3 inches of pitch, making 75 per 
cent net section, is, say, 72 per cent 

The forgoing conclusions on the proportions and strength of riveted 
joints in iron plates are collected in a following tables page 671. 



Chap. IV.— ELEMENTAL STRENGTH OF STEAM BOILERS— 

RIVETED JOINTS {continued). 

I. STRENGTH OF RIV£T£D JOINTS IN STEEL PLATES.— GREIG & EYTH. 

The results of experiments on the strength of rivet-joints in steel plates, 
conducted by Messrs. David Greig and Max Myth, Professor A. B. W. 
Kennedy, and Mr. C. H. Moberley, are here noticed, and the general 
comparative results are tabulated. The evidence in each case has been 
exhaustively analysed by the author, in his work on strength of material^ 
before referred to. 

Messrs. David Greig and Max Eyth conducted a course of experiments 
on the strength of riveted joints in ^-^-inch boiler plates of iron and steel.' 

The average results of preliminary tests of strength of plates and rivet- 
bars were^ per square inch, as follows: — 

PttSannlBdi. 

YoiUUi* bDB. IBM SMd. 

Tensile strength of plates, ^ inch thick, 2 inches wide.. 22.27 ^om. 25.83 tons. 
Elongation in 6 inches of length; total length 10 inches 37 per cent 28 per cent 
Tensile strength of rivet-bars, ^ inch in diameter, 30 

inches in length 39.23 tons. S&83 tons. 

Elongation in 10 inches of original lengdi 27.9 percent sa6peroent. 

Simple shearing strength of rivet bars 19.01 tons. 22.18 tons. 

Shearing strength, in parts of tensile strcnglli of ri vet-bars 85.5 per cent. 77 per cent 

'See "ExperimenU refeiring to the use of Iron and Steel in High-pressure Boilers," in the 
Fneti^ngs of the InttiMitit »/ MtehMkal EttptutrSf 1879 ; page s68b 
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The diameter of the ^-inch rivet-ban was reduced .03 inch, or 1/33 inch 
by the shearing stress, in the direction of the pull, for both the iron and the 
steel. 

The rivets were ^-inch rivets, inserted into drilled holes "/16 inch in 
diameter, and into punched holes, made with a punch ''/la inch in diameter, 
and a die 'S/js inch in diameter, the die being 3/33 inch larger than the punch. 
The conical punched hole was .708 hicfa in diameter at the top, and .790 
inch at the bottom. The rivet-holes were elliptically elongated in the 
direction of the stress, after having supported tlie following maximum 
pressures:— 

Maximum Pressure. Elongation. 

Iron joints... 15.7 tons. 103 inch. 

Steel jdnts 19.8 „ aas „ 

Such elongation does not necessarily imply leakage as a consequence, 
as the indentation of the rivet forms a lap which tends to prevent leakage. 
At the same time the security against leakage is weakened. 

Single rivets, actually formed, were tested for shearing resistance. 
Three steel plates, }i inch thick, were riveted together by a -^^-inch rivet 
set in an »Vi6-inch drilled hole, in double shear, making a total shearing 
section of .7424 square inch, the middle plate havinLT been drawn out 
The shearing stress, taking the average result for hand-riveting, hydraulic 
riveting and steam-riveting, per square inch of the double section, "/ts inch 
in diameter, was at the foUowii^ rates: — 

Per SqUH* lack 
Iron. SMd. 

Shearing strength of rivet, in double shear aaSo tons. 26.30 tons. 

Excess over shearing strength of tiie simple rivet-bais... 1.79 „ 4.13 „ . 

Excess in parts of „ ,, „ «. 9,4 p. cent. 18.5 p. cent 

Excess over tensile strength of plates .'t - 1.47 tons. +0.47 ton. 

Excess in parts of „ „ -<S.6p. cent + i.8p. cent 

The excess of the shearing resistance C^the rivet over that of the simple 
bar is, no doubt, a measure of the frictional grip of the rivet; and it is shown 
in the last line above, that the total shearing resistance of tiic rivet, includ* 
ing grip-friction, does not, in the gross, differ very mudi from tiie tensile 
strength of tiie plate. But it is notable that l3ie grip of the iron rivet; 
1.79 tons, should be so much less than that of the steel rive^ 4.12 tons. 
This is explained, to some extent, by the fact of the greater tensile resist- 
ance of the steel rivet in contracting by cooling, in virtue of its greater 
strength; but chiefly by the less ductility of the steel rivet, that of the steel 
bars having been s^own to be only three-fourths of that of the iron-bar. 

The specimens of riveted joints were 6}6 inches and 7^ inches in 
width. Those in iron were riveted with iron rivets, and those in steel with 
steel rivets. Sliirht differences in the thickness of the plates were reduced 
by calculation for a uniform thickness of }i inch. All tests were made in 
duplicate, and the mean results are here given. 

VolL « 
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Ten specimens of sin^e-rivet lap-joints, reckoned as Nos. i to 5, in 

duplicate, were made with two inches of lap, and four ^-inch rivets at 
I^ inches of pilch, with " 6-inch holes. They were tested for the relative 
values of drilled holes and punched holes. Four of these were of iron, two 
being drilled and two being punched, and all of them steam-riveted. In 
the punched specimens Iht smallar ends o( the conical holes were in con- 
tact The remaining six specimens were in steel, of which two had drilled 
holes, two were punched and tiien annealed, and two punched out and not 
annealed. 

For the following t^ts the holes were drilled, and all steel plates were 
annealed. 

Twelve stngle-rivet lap-joints, Nos. 6 to 11, were made in tfon and in 
steel for the purpose of testing the comparative values of riveting 1^ hand, 
by steam, and by hydraulic power. All the holes were drilled. Th^ 
were of the same dimensions as Xos. i to 5 specimens. 

The next four specimens, Nos. 12 and 13, of sinj^le-rivet lap-joints, were 
made in iron and in steel 7^ inches wide, with four ^4, -inch rivets in drilled 
holes at inches of pitdi; for comparison with the first qsecimens. 

Four test-pieces, Nos. 14 and 15, were double-riveted zigzi^ lap-joints^ 
made in iron and steel, yj4 inches wide, with 3 inches of lap, and with six 
^-inch rivets, at a pitch of 2J2 inches longitudinally, and inches 
diagonally, the longitudinal pitch-lines being i inch apart. 

Four specimens of an exceptional double-riveted lap-joint, Nos. 16 and 
17, were constructed y}4 inches wide, with 3 3^' indies of lap, and eight 
l^-inch rivets at inches pitdi, loi^tudinally and diagonally, the 
longitudinal pitch -lines being ijH inches apart. 

Specimens of butt-joints, or welted joints, were next tested. Four 
specimens, Nos. 18 and 19, 6)< inches wide, were single-riveted singlc-wclt 
joints, made with two inches of lap, with drilled holes and with four 
fi-inch rivets for eadi lap, at i ^ inches of pitch, like the single-riveted 
lap-joints. The welt or cover was inch in thickness— the same as that 
of the plate& 

Four specimens, Nos. 20 and 21, were double-riveted single-welt joints, 
inches wide, made with 3 inches of lap, having six fs-'nch rivets at 
2)4 inches of pitch longitudinally, and i^i inches diagonally, like the 
double-rivet lap-joints, Nos; 14 and 15. 

Eight specimens, Nos. 22 to 25, of double^welt joints, were {Hiepared, of 
which four were single-riveted and four were double-riveted, to the same 
dimensions as the single-welt joints, Nos. 18 to 21 respectively. 

Mr. F. \V. Webb, in discussion of the paper of Messrs. Greig and Fyth, 
stated that alter having tried various proportions of rivets and pitches, he 
had arrived at a single-riveted double-welt joint for 7/i6.inch boiler plates of 
steel, possessing 71.6 per cent of the breaking strength of die whole plate, 
made with ?{-inch rivets at 2 inches of pitch. The covering plates are 
• i-inch thick and 5 1 inches wide, making a lap of 2^4 inches on each 
plate, and a widtli oi i}4 inches from the centre line of the rivets to the 
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edges of the plates. He believed this distance, i >^ inches, to be the best ; 
and previously to tlie adoption of the given proportions he had found that 
tiie holes went oval long before the joint ought to have been destroyed. 

XL PROFESSOR A. B. W. KENNEDY S EXPERIMENTS ON SINGLE-RIVETED 

LAP-JOINTS IN STEEL PLATES. 

Professor Kennedy made a lon^ course of cxperim -nts on single-riveted 
lap-joints in steel plates ^ of Landore S.S. quality, with a milder quality for 
the rivets. The plates were of three diicknesses — % >"<^> H inch, and 
^ inch — and were tested for tensile strengtii in specimens having 10 inches 

of clear length. The ^-inch pieces were tested of two different breadths, 

Ifi inches and 4 inches; the ^-inch pieces, of 2 inches and 3J< inches 
wide; and the j<-inch pieces, 4 inches wide. The intlucnrc of the differences 
of width was very slight The exact sections of the pieces were taken. 



Tensi^ Strat^h of SUd Plates. 



Nominal 
Thictocii. 


Btwteg Sunglli, pdbd frowt Fiiii. 




Per S<iMre Inch. 


Extension in lo 
ladwt. 


Per Squaie Inch. 


Extension in to 

iDdMt. 


inch. 


tou. 


per cent 


torn. 


per cent. 


I 


30.21 




30. a 1 


33.6 




27.96 


S7.0 


99.91 


99.6 




38.96 


S4.8 







Sixteen specimens of rivet-steel were tested for tensile strength and 
shearing strength. They were turned down for testing from pieces of 
inch, 15/16 inch, and I'/id inches in diameter. 
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Specimens of plates, inch and f6 inch thick, and from 2 inches to 
4 inches wide, were tested for the relative influence of punching and drilling 
rivet-holes, about 9/,o inch in diameter, at 2 inches of pitch. These tests 
were made in two series, with steels of different strengths: — 



^ " Results of Experiments on Riveted Joints, made for the Institution of Mechanical Engineers " 
by Professor Alex. B. W. Kennedy, in tlie Procttdings of iht iHstiluthm of Meckankal Engineen^ 
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Thuiie Strength of Plata DrUki md Ptmthei^ not Annealed. 
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These results show that the tensile strength per square inch of the net 
section in die line of the holes is greater than that of the \viiole plate per 
square inch:— consistently with the well ascertained behaviour of short 
specimens^ to vdiich the interspaces — between the perforations — are like. 

Several specimens of the milder steel above tabulated were annealed. 
The result was a reduction of 3.3 per cent of tensile strength for the 3^ -inch 
plates, and 3.6 per cent for tlie ^-inch plates; with 2 per cent less extension. 

The punched holes were made widi a J^-inch punch, and with dies 
successively Vs» hich and 3/3, inch larger in diameter than the punch. The 
difference of clearance in the die did not make any sensible difference in the 
resisting strength of the plates. 

Single-riveted lap-joints, in three series, were prepared for testing, hand- 
riveted. Each recorded result is the mean of the tests of two or three 
specimens. 

The first series was made of ^-incfa plat^ containii^ two rivets in 
each. They were tested in pair^ witfi ^-inch, ^-inch, and l-inch rivets 
respectively, for which the holes were drilled inch larger in diameter 
They were designed to break one of each pair in the plate, and the other in 
the rivets. The plates had an average of 29.97 tons per square inch tensile 
strength, with an aven^ extension of 27 per cent in from 4 indies to 
6 inches. The resistance was 44 per cent less when tiie pieces were annealed. 
The results of these tests are Nos. i to 6 in the following tablet 

The plates of each joint slipped on each other when the tensile stress 
reached the quantities undernotcd ; and the joints opened sufiicicntly to 
allow a slip of paper to be pushed in at the respective tensile stresses 
und^rnoted. 

SmgU-rmetei Le^oha m ^neh Sted Plate, 
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As Professor Kennedy remarks, it is distinctly shown that the opening 

commences earlier as the pitch is increased. 

The second scries of tests was made on six joints of v.arious la] is and 
various pitches. They eacli had three ^^-inch rivets in drilled holes. The 
first thre^ Nos. 7 to 9, had varying laps, and therefore varying distances 
from the edge of the plate to the centre-line of the rivets; or, as Professor 
Kennedy distingfuishes it, vary ing margins, or clear distance from the edge 
of the plate to the holes. The last three had the same lap, but different 
pitches. Strips tested for tensile strcnc^th broke with 29.9 tons per square 
inch, with 26.8 per cent extension in from 4 inches to 6 inches — nearly the 
same strength as that of the first series. 

All the joints gave way tlie shearing of the rivets. 

The third scries of six tests was made, of 18 specimens of single-riveted 
lap-joint.s, with drilled holes, each test being the average of three. The 
plates were nominally inch and 5/,6 inch thick, each specimen containing 
seven ^4. -inch rivets of varying pitch. The strips tested for tensile strength, 
broke witii tlie following average loads per square inch, and extensions in 
a length of 10 indies: — 

l^-inch phue. 29.24 tons ».6 per cent 

s/td-indi pkite >9>64 „ 95.1 „ 

The ^-inch rivet-bar used for the joints in Nos. 13, 15, 17, and 18, was 
tested. One samfde broke witii a tensile stress of 29.03 tons per square 
indi. The shearing resistance of four samples of the bar, reduced to 
.621 inch in diameter, averaged 26.32 tons per square inch, or 90.7 per cent 
of the tensile strength of the single piece. This shearing resistance is 
greater than that of the rivet-bar used in the other specimens, which, as 
before stated, averaged a shearing strength of 24.80 tons per square inch. 

Professor Kennedy states in discussion that the actual shearing resist- 
ance of the rivet in the plates» made from the same materials as those of 
the third series of tests, independently of the complication introduced hy 
the bending of the plates, was ascertained by means of the shearing appar- 
atus. It amounted to 27^2 tons per square inch, which was (27.5 — 26.33 = ) 
1. 17 tons, or 4.4 per cent more than the normal resistance to shearing of 
the simple bar. 

The plates forming the joints were observed to b^n to slip on each 
other, when from 19 per cent to 3/ per cent of die breaking load was 
applied, averaging 24 per cent 

III. MR. C. H. MOBERLEY S EXPERIMENTS ON RIVETED JOINTS 

IN STEEL PLATES. 

Mr. C. H. Moberiey» made three series of tests of riveted joints of steel 

*Sec Mr. Mobcrley's papers, "Account of some TesU of Riveted Joints for Boiler Work ;" 
•nd ** Aeeooot of aone Farther Tests of Riveted Joints of Steel Fletee for Boiler Work, " in tlie 
Prc^eedingt ^tht InUitmtm ^ CMt EffgiMertt vol. hk. 1881 -Ss* pep 337, aod vol. IxxU. 1883-83, 

page 226. 
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boiler plates, inch, 7 ,15 inch, and S/16 inch in thickness; of Landore 
S quality, with rivets of Landore rivet steeL The tests were made by 
Mr. David Kirkaldy. 

9jie-i/ic/i PlaU-joints. — The first series of tests was made with steel boiler 
plates, 9/x6 inch in thickness nominally. The riveting was done by a 
hydraulic riveter, with an accumulator placed next to the machine. The 
pressure measured in the accumulator was 35 tons. The holes were 
punched ; the plates were not annealed ; the rivets were of steel. The 
joints were zigzag double-riveted double-wcltcd ; the inside welt or cover 
being 7yi6 inch thick, and the outside welt 9/16 inch thick. The nominal 
diameter of the rivets was |^ inch; and the diameter of the punch was 
>3/i6 inch; the pitoh in line, or longitudinally, was 3.775 inches; the pitdi 
diagonally was 2.41 inches, the distance of the centre-lines of the two rows 
of rivets was 15 inches, and from the centre*line to the nearer edge of plate 
inch; the laj) was 3.75 inches. 

The joints tested as such, were of two forms. The first form, Cwr 
q>edmens A, D, G, was 1 3.22 inches wide, and contained seven rivets in 
each lap. The second form, for specimens H, was 1 1.25 inches wid^ 
and contained five whole rivets, and two half-rivets at the edges. The 
joints were made for the whole width of the specimens, as indicated in 
dot-lining, and caulked as if for boiler work ; then slotted out 

Of the two groups of specimens, the first of each, A and B, was punched; 
in the second of each, D and E, the covers were punched, but die joint- 
plates were punched wi^ a ^-inch punch, and drilled out to <3/i6 inch in 
diameter; and in the third of each, G and H, the covers were punched, 
whilst the holes in the joint-plates were punched with a f^-inch punch, and 
drilled out to 3^ inch in diameter. 

The ultimate tensile strength of the test pieces of plate cut from the 
six specimens averaged 30.3 tons per square mdi, with an extenskm of 
35.8 per cent in a length of 5 inches; the fractures were silky. The 
ultimate tensile strength of six ^-inch sted rivets^ turned down to \i inch 
in diameter, was at the rate of, say, 29 tons per square inch, with a silky 
fracture. The shearing resistance was tested by making up three specimens, 
C, F, I, uniform with D, F, and H, and drilling out four rivets, leaving the 
tiiree outer rivets at each ade for diearing; widi the following results: — 



The average shearing reastance, 24.6 tons, is, say, 85 per cent of the 
tensile strenc^th. This resistance is inclusive of that due to the fricttonai 
grip of the rivets. 

To try the effect of drilUng the rivet-holes in the joint-plates out of the 



per Square Inch, 



C, holes punched 13/16 inch 

F, holes pundied indi, drilled out to 13/16 inch. 
I, holes punched inch, drilled out to inch.., 



23.8 tons. 
84.a „ 
25.8 „ 



Average 



34.6 
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solid, the covers being punched, two joints K, L, were prepared, in which 
*3/i6'inch holes were drilled for six rivets in each lap, arranged three in 
each row. 

Excepting specimen D, all the specimens failed by fracture of the plate 
along the zigzag line through the rivets. Mr. Moberlcy, arguing that the 
two tines of rivets in each lap were too closer prepuvd four additional 

specimens, O, P, Q, and R, for testing, having six rivets in each lap, in two 
lines of three in each, i? h inches a]).irt. or }i inch wider than in previous 
specimens. The pitch in line was the same as before, 3.775 inches, and it 
was 2.49 inches diagonally. The edge of the plate was i^^ inches from the 
centre line of the rivets. These joints were made from like plates and rivets 
as for the previous joints. The mean breaking strength of O and P» was 
28.9 tons per square inch, and that of O and R was 29.7 tons. 

The two joints, O and V, were made witli '3/, 6-inch drilled holes; and 
Q and R with ;„-inch punched holes drilled out to '3 ',6 inch; and tiie 
pressure for riveting was reduced to 25 tons. The fractures took place in 
the plates in the zigzag line of the rivets. 

Four extra tests were made with single-riveted lap-jotnts» widi the 
specific object of ascertaining the shearing resistance of i -inch rivets^ and 
the influence of the curving of the plates, as for the circular seams of a 
boiler, ujxm the shearing resistance. Two flat specimens, S and T, and 
two specimens, M and N, curved to a diameter of 10 feet 3 inches, were 
prepared. Th^ were 14.2 inches wide, having each five i-inch rivets, at 
2.84 inches of pitch, with 3.05 inches of lapi Specimen rivets turned down 
to .714 inch in diameter, were tested for tensile strength, and broke wi^ an 
a\cra;:;c of 28.3 tons per square inch. In each of the four specimens, the 
fi\'c ri\ets were shorn; with the mean stress, 23.29 tons per square inch for 
the flat joints, and 24 tons for the curved joints. In each case, the plates 
were bent at the joint, in the usual way. On the ultimate tensile strength, 
28.3 tons per square inch, those shearing resistances were 82.3 per cent for 
the flat joint, and 84.8 per cent for the curved joint Obviously, the second 
pair of joints were to some extent fortified by the cun-ed form of the 
plates increasing the resistance to bending, and hence tlie greater percentage 
of resistance to shearing. 

IV. DEDUCTIONS FROM THE EVIDENCE ON STEEL PLATE 

RIVETED JOINTS. 

A selection of characteristic results of the tests just noticed, is collected 
in table No. 146, following, comprising results of experiments made by 
Messrs. Grcig & E> th, Professor Kennedy, and Mr. Moberley. For the 
sake of comparison, column 14 is added, showing tiie shearing resistance of 
rivets per square inch, ascertained b\' special tests, free from bending stress, 
in parts of the tensile strength of the whole plate per square inch. In 
columns 15, 16, and 17, arc given the spacing, or the distance apart of the 
two rows of rivets, with the diagonal pitch, for double-riveted joints. 
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Singk-riv^d Li^joints of Sted Plates^ Nos. t to $. Table No. 146. — 
Of diese joints, Nos. i and 3 are equal in breaking strength, having 
57.6 per cent and 57.8 per cent respectively. But the net sections of 
plate are 61.5 per cent and 51.6 per cent, showing 10 per cent dift'ercnce 
in favour of No. i, which has not been effective in adding to the strength 
of the joint; and consequently, whilst die breaking strength per square 
inch of the net plate section, column 12, is only 93.6 per cent of that of 
the whole plate for No. i, it is II2.0 per cent for No. 3. Accordingly, 
No. I broke in the rivets, leavinif a margin of unutilized strength in the 
plates, whilst No. 3 broke in the plates as well as in the rivets; and it may 
be said that the rivets in No. 1 were as strong as the plates as well as the 
rivets in Na 3. True, tlie shearing resistance of die rivets per square inch 
was the greater in Na i, being 102 per cent of the breaking strength of the 
whole plate, against 91.7 per cent in No. 3 ; but the difference is niorc than 
compensated by the larcjcr proportion of shearinf^ section in No. 3, which 
is 73.8 per cent of the section of the whole plate, aLjainst only 50.3 per cent 
in No. I, or nearly one-half more; and, naturally, whilst the breaking 
strength per square inch of the shearing section of No. 3 is only 78.3 per 
cent of that of the whole plat^ it is 1 14.3 per cent for Na i. 

Here is a correspondence between the relative breaking strengths of 
the joints per square inch of shearing section, column 13, and the shearing 
resistance by special tests, column 14. That is to say, in both cases. No. i 
shows the greater percentage of eAiciency; and is enabled, with the less 
proportion of rivet section, to realize as high a brealdng strength as No. 3. 

But strong though Na i is, there is, as has been shown, a want of 
balance or of equal resistance, the net plate being more resistant than the 
rivets; and a stronger joint could be made by reducing:: the net plate 
section a little, and increasing the shearing section. This has been effected 
in No. 5 joint, which has 57.1 per cent of net section of plate and 74.1 per 
cent of bearing section. The augmentation of shearii^ section, no doub^ 
is apparendy much greater than the reduction of net plate section; but it 
includes compensation for the reduction of shearing resistance of the rivets 
per square inch, column 14, from I02.0 per cent to 934 per cent of the 
tensile strength of the whole plate. 

The adjustment or compensation here effected in No. 5 joint, compared 
with No. I, is effected by the enlargement of the rivets to ^ inch in 
diameter, and the increase of the pitch to 1.77 inches. The less thickness 
of No. 5, too, is in favour of an augmentation of the percentage of breaking 
strength. 

Double-riveted Lap-joiuts of Steel Plates, Nos. 6 to 10. Table No. 146. — 
In a double-riveted joint, the tensile stress between the two rows of ri\ ets 
is distributed between the two plates which form the lap. If not equally 
divided between them, it must be nearly so. In consequence, the stress in 
each plate between the rows of rivets isonly half of that in the single plates 
bc\'oiid the rivets; that is, the average stress, for, no doubt, the stress in 
the plates is variable both longitudinally and transversely, being localized 
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about tihe rivets: reaching partly in zigzag lines from rivet to rivet, and 
partly in lines from each rivet at right angles to the joint, traversing; the 
corresponding,' trian;^ular space. It may be presumed, therefore, looking; to 
the stress in eacli plate independently, that the nearer row of rivets takes 
by far the greater proportion of that longitudinal stress; and that the 
farther row takes much tiie less proportion of that stress. There is a similar 
distribution of f<Mrce with respect to the otfier plate fuming the joint The 
observations of Mr. Moberley, on the unequal elongation of the several rows 
of bolt holes b}- mcnns of which his specimens were attached to the testing 
machine, li lul countenance to such assumption. It follow s from this view 
of the distribution of stress, tliat the middle portion of plate between two 
rivets in die front row may be comparatively unsupported by the inter* 
mediate rivet in the back row, if the distance apart of the two rows is 
excessive, and may be in a state of suspension between the two front rivets^ 
between which the portion of plate between the two rows ctf rivets may 
be wedged by the lonin'tudinal stress. It would then become excessively 
strained, and would be liable to fracture before the plate would give way 
at the rivets. The strain would be shown by the curving outwards of 
stra^ht lines drawn on llie surface 4^ the plates parallel to the joint 
Professor Kennedy shows similar distortimis of test strips under tensile 
stress,^ and such distortion under the circumstances above noted must be 
a source of weakness. 

The results of the tests, Nos. 6 to lo, show a breaking strengtii of joint 
ranging from 66.1 per c«it to 8o per cent of that of the whole plate. 
Comparing Nos. 6 and g, having |^4nch and fi>indi plates, with large 
allowance of diagonal pitch, and fractures by shearing the rivets, as well as 
by tension through the plates straight, tlie breaking strengths arc 69 per 
cent and .So per cent respectively. These strengths arc almost exactly in 
the ratio of the shearing sections, which arc 68.8 per cent and Si per cent 
of the sections of the whole plate, and are dius directly provided for, on 
the part of the rivets. The difference of strength is also, in part, represented 
by the difrcrcncc of the net sections, which are 67.7 per cent and 74- 1 per 
cent. Rut there remains a comparative deficiency of resistance in the 
plates of Xo. 6; and it suggests the in(iuiry whether the diagonal pitch 
was not too great in No. C. It was 2.45 inches, and not unlikely, on tlie 
assumption of unequally distributed stress akeady noticed, the plate was 
strained unequally— more at and between the nearer line of rivets, and less 
at the further line. It happens that of all the double-riveted lap-joints 
brought into table No. 146, Xo. 6 was made with the widest pitches longi- 
tudinally and diagonally, 3. 10 inches and 2.45 inches, and that the diagonal 
pitch bore the greatest proportion — 79 per cent — to tlic longitudinal pitch. 
The plate was also the Uiickest of group ; but mere thickness would not 
affect the inequality of drag and of distribution of stress. It is, therefore, 
probable that the diagonal pitoh of Na 6, which was 245 inches, or 

'See his paper of iSSi, alnady nfoicd to^ IB dwiVwnd^^^ 
Engiutrrt, i8$l; plate 31. 



Digitized by Google 



ELEMENTAL STRENGTH. — RIVETED JOINTS. 



66/ 



79 per cent of tbe longitudinal pitch, was too much for securing a maximum 

of resistance; and that the joint would have been stronger if the diagonal 
pitch had been less. The stocks of Mr. Mobcrley's specimens were occupied 
by 1-inch pins— of the same diameter as the rivets in No. 6, placed at 
a pitch longitudinally of inches, and diagonally 3 inches, which is 

80 per cent of the longitudinal pitch — about the same proportion, as it 
happens, as that in No. 6 test; and under such similar conditions it is 
probable that each half of the joint depended for the greater part on the 
nearer line of rivets for its active resistance to fracture. 

The discrepancy between the pitches of Nos. 6 and 9 joints is made 
directly evident, in comparing the longitudinal pitches, which are nearly 
equal — being 3.10 inches and 2.90 inches, differing by 7 per cent — widi 
the spacing apart of the two rows, which arc 1.9 inches and 1.6 inches, 
differing by 20 per cent. The tensile stress would only in a much diminished 
proportion reach the farther rivets of the ^^-inch plate-joints. 

It is probable, moreover, that the greater thickness of No. 6 induced a 
greater degree of bending stress, and of weakening in consequence, than in 
Na 9. 

Comparing No. 9, having 80 per cent of strength, with No. 8, having 
70 per cent, in which the thicknesses of plate arc identical, and the net 
sections are nearly equal, the shearing section of Na 8 is much less than 
that of No. 9, — being 65.4 per cent against 81 per cent. Evidently, the 
inferiority of strength of No. 8 results from the comparative deficiency of 
shearing section, in consequence of which the joint fractured only in the 
rivets. 

Xo. 10, also, is stronger than No. 8, evidently because there is a greater 
percentage of shearing section, — 76.7 per cent against 65.4 per cent of the 
whole plate, although the size of rivets and the pitchings are identical. 
The difference of percentage arises from the difference of thickness of the 
plates, which are inch and sjts inch in thickness, in consequence of whidi 
the rivets are relatively stronger for the thinner plate-joint. No, 10. There 
is, besides, the less tendency of the thinner plates of Na 10 to bend, in 
favour of No. 10. 

Comparing, again, No. 10 with No. 9, No. 10, having 74.15 per cent of 
breaking strength, approaches nearer in strength than any other joint in 
the group to No. 9^ which has 80 per cent These percentages of strei^;tli 
correspond nearly to the respective shesuing sections, 76.7 per cent and 

8 1 per cent of that of the whole plate ; and, seeing that both joints broke 
through the rivets as well as through the plates, and were joints of equal 
resistance, the strcni^ths were practically regulated by the shearing sections. 
It should be added as an additional reason for the greater breaking strength 
of Na 9, that the plates were less ductile tiian those of Na ic^ the extension 
of test-samples of No« 9 plates having been only 18.8 per cent in 10 inches, 
against 27.2 per cent for No. 10. 

No. 7 test, of a " ,fvinch platc-joint, shows the lowest strencj^th, 66.1 per 
cent, in the group, although its proportions of rivets and pitclies are nearly 
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like those of Na % which has 80 per cent of strength. The difference is 
due to the greater Uiickness of Na 7 joint-plate^ and Ike greater bending 

stress in consequence. 

Singic-riviit d Sitig/c-iuclt Joints in Sttxl Plates, No. 11, tabic Xo. 146. 
— The specimen is identical in dimensions witli No. i, the single-riveted 
lap-joint, and had 55.8 percent breaking strength— about 2 percent less 
than that of the simple lap-joint 

It may be taken that the single-riveted single-welt joint is not quite so 
strong as the single-riveted lap-joint. 

noublc-rirctt d Stir^^/e-wt'/t Joint in Steel Plates, .Yo. 12, table Xo. 146. 
— i he specimen is identical in duncnsions with Xo. 8, and had the breaking 
strengdi 68 percent — ^being, as was found for the preceding case, 2 per cent 
less than that of the plain double-riveted lap-joint, No. 8. 

It may be taken that the double-riveted single-welt joint is not quite so 
strong as the double-riveted lap-joint. 

S in f;;li -riveted Doiiblc-welt Joint in Steel Plates, Xos. 13 and 14 tests, 
table Xo. 146, shows 60.4 per cent breaking strength. The breaking 
strengths of the three single-riveted joints of identical dimensiom^ of die 
same steel, and by the same constructors, Messrs. Greig and Eyth, are here 
brought together for comparison. Plate fi inch, rivets |^ inch, pitch ifi 
inches: — 

SINGI.B RIVKTP.D JOIXT, H-'-*<CH r.mi 111.- Hi — fciM ft— A. 

SiHKL Plate. ™~ m^mag saa^mt 

No. I. Single-rivctcd Lap-joint rivets 57.6 per cent 

No. II. Single-rivctcd Single-welt rivets 55.8 „ 

No. 14. Single-riveted Double-welt plate 60.4 „ 

The double-welted joint, breaking through the plate, clearly shows the 
greatest percentage of breaking strength. But the particular value here 
found b to be adjusted for ^-inch rivets at 2 inches of pitch. The test 
No. 13, by Mr. Webb^ shows for these dimensions 7t.6 per cent breaking 
weight. To harmonize with the general .evidence for the other joints a 
mean of 65 per cent is taken as the breaking strength of the single-riveted 
double-welt joint in steel. 

DoiibU'-rivetcd Double-welt Joint in Steel Plates, Nos. 15 to 19, table 
No. 146. — In these, as in the tests of double-riveted lap-joints, Professor 
Kennedy's joint in |^-inch plat^ No. 19^ has proved of the greatest 
efficiency, having 80.7 per cent breaking strength. The rivets were in 
double-shear, and all the fractures took place in the plates. Comparing the 
3;{-inch plate-joint, No. 15, with No. 19, their respective strengths are 
nearly identical with those of the corresponding double-riveted lap-joints, 
Nos. 6 and 9, being 69.4 per cent and Sa/ per cent, in double-welts, against 
69 per cent and 80 per cent when simply double-riveted. Comparing the 
two joints of ^-indi plates, Nos. 6 and 15, the rivets are in both i inch in 
• diameter, but they are placed at a wider pitch, 4.40 inches, in No. 15, 
against 3.10 inches in No. 6. and the net plate section is increased by 
14 per cent, from 67.7 per cent to 77.3 per cent In face of this greater net 
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plate section, how does it happen that the breaking strength through the 
plate was not increased; widi the advanta^ too, of a straight pull between 

welts? The only answer appears to be that, for reasons already pre- 
sented, the diagonal pitch is too loncf. It is 3. iS inches, or 72.3 per cent 
of 4.40 inches — the longitudinal ])itch — and the pitch of the two rows of 
rivets is 2.3 inches; whence it appears to have followed that the back row 
of rivets co-operated to a veiy limited extent in supporting tiie plate, and 
that the plate was overstrained and fractured between the widdy pitched 
rivets of the front row, in advance of the portions of the plate nearer to 
the rivets; that it was thus brolcen in detail, and failed to exhibit all its 
resistance simultaneously. 

No. 19, having a slightly greater breaking strength — 80.7 per cent 
against 80 per cent for No. 9— has also a slightly greater net section of 
pla^ 764 per cent against 74.x per cent: but the rivets and die pitch are 
smaller, being .65 inch and 2.75 inches against }{ inch and 2.90 inches. 
Consistently, the diagonal pitch is a little less for No. 19, being 2 inches 
against 2.15 inches for No. 9, and having 1^5 inches between the rows of 
rivets against 1.6 inches for No. 9. 

The three intermediate tests, 16, 17, and 18, gave way by zigzag 
fracture in tiie plate; Nos. 16 and 17, of 9/16-inch plates, are identical in 
dimensions, except that in No. 17 the rows of rivets are wider apart than 
in No. 16, the spacing being i 625 inches against 1.5 inches. The extra 
width in No. 17 was clearly beneficial, as it increased the breaking strength 
from 67.75 per cent to 73.15 per cent, although the first object of augment- 
ing the ^adng— to cause fracture in the straight line — ^was not attained 
Mr. Moberley considers that the width between the rows of rivets m^ht 
probably be increased to inches, witli a slight addition of strength to 
the joint. 

No. 17, having 9/'i6-inch plates, and 3.775 inches of pitch, is the most 
nearly like No. 15, of ^-inch plate, and having 4.40 inches of pitch. It 
has about 3 per cent more net section, but the principal difference consists 
in the diagonal pitch, which is only 2.49 inches against 3.18 inches in 
No. 15, whilst the two rows are only 1.625 inches apart, against 2.3 inches. 
The proportions of No 17 tell in its favour, by exhibiting 73-15 pw cent of 
breaking strength against 69.4 per cent by No. 15. 

But No. 16, as was noticed, had only 67.75 P^r cent breaking strength, 
a little less than No. 15 had. The only apparent reason of the difference is 
that the plates of Na 16 broke zigzag and the rivets were shorn, whilst in 
No. 1 5 the plate broke straight, and there was a greater shearing section 
than in No. 16. It appears that No. 15 erred as much by excessive 
Spacing, or distance between the rows of rivets, as Na i6 erred by 
insufficient spacing. 

Na 18, of ^-inch plate, making the third of the zigzag fracture^ has 
nearly the same net section, 75 per cent; as the first of them, Na 16, 
o(9/^mdl plate, namely 80.1 per cent; and has the same breaking strength, 
68 per cent With considerably different pitches — 2.50 inches and 3.775 
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inches — ^the percentages of the diagonal pitches are nearly the same, 65 
per cent and 63 per cent, both of which are deficient in length. 

Again, No. 18 is more nearly like No. 19, having ;a-inch plates, and 
other dimensions nearly alike. The net sections also are alike — 75 per 
cent and 76.4 per cent. Yet, whilst No. 18 had only CS per cent of breaking 
strength, No. 19 had 80.7 per cent The gain appears to be solely attribut- 
able to the longer diagonal pitdi of Na 19^ whidi was 2 inches, against 
1.625 inches in Na 18. 

The breaking strengths of the three double-riveted joints of identical 
dimensions, of the same steel, constructed by the same engineers, Messrs. 
Greig & Kyth, are subjoined, for comparison: — plate }i inch, rivets inch, 
pitch 2.50 inches, diagonal pitch 1.625 inches. 

DooBLK-MVKTBD Joint, X-iNcnSTnt.PLAm Pia Uuifc Bmldiv Sinqglk. 

Na 8. Double-riveted lap joint rivets 70 percent 

No. 12. Double-riveted sinL;lc-\vclt rivets 68 „ 

No. 18. Double-riveted doublc-welt plate, zigzag 68 „ 

These results, though they do not show maximum efficiency, are 
remarkable for the nearness to equality of the breaking strengths. They 
make an instructive contrast with the corresponding values for single- 
riveted joints by the same constructors, table Na 146. The single-riveting, 
freed from bending stress in the double-welt, showed a decidedly greater 
breaking strength than in the lap or the single-welt joint; whereas, the 
double-riveting, when similarly guarded from bending stress in the double- 
welt, shows no more breaking strength than the lap or the single-welt 
joint, — an argument that double-riveted joints, in fu-inch steel plates, are 
not materially weakened by bending stress. 



Chap. V.— ELEMENTAL STRENGTH OF STEAM BOILERS- 
RIVETED JOINTS (amfimted). 

STANDARD JOINTS IN IRON AND STEEI, PLATES. 

The results of No. 5 test, slightly modified for ;d-inch plates, are taken 
as a basis for standard proportions of single-riveted joints in steel plates, of 
equal resistance. Assuming that the tensile strength of the rivet-bars is at 
least equal to that of the plates, the pitch is taken as 2 inches, with ^-inch 
rivets, making the net section five-eighths or 62.5 per cent of the whole 
plate section, which is a slight advance on the net section of No. 5, without 
overdrawing on the resistance of the rivets, the section of which is 94 per 
cent of tliat of the net section, and is 58.75 per cent of the whole plate 
section. The breaking strength is fixed at 60 per cent 

For double-riveted lap-joints in |^-incfa steel plates, of equal resistance, 
the proportions of joint No. 9, tabic No. 146, are taken as a basis for 
standard proportions. The pitch is extended to 3 inches, by which the 
net section is slightly increased without unduly diminishing the proportion 
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of shearing resistance with |^-inch rivets. The diagonal pitch is taken as 
2}^ inches, being 75 per cent of the longitudinal pitch. The breaking 
strength is 80 per cent. 

For single-riveted single-welt joints, in 34-inch plates, the proportions of 
the single-riveted lap-joint are adopted, with 58 per cent brcakinp^ strciv:^th. 

For double-riveted single-welt joints, in |^«-inch plates, the proportions of 
the double-riveted lap-joint are adopted, with 78 per cent breaking strength. 

For single-riveted double-welt joints, in fi-inch plates^ the proportions for 
the singlc-rivctcd lap-joint are adopted, with 65 per cent breaking strength. 

For double -riveted double-welted joints, in f^-inch plates, of equal 
resistance, the proportions of joint No. 19 are adopted as a basis. For 
the sake of uniformity, the pitch is increased to 3 inches, and the rivets to 
^ inch in diameter, as in the double-riveted joint; and the breaking 
strengtii is taken as 80 per cent A smaller rive^ in double shear, 
nia}' no doubt suffice for staying power, as in No. 19, where it is .65 inch 
in diameter, but the ^-inch rivet is preferred, not only for the sake of 
uniformity, but for that of stability of the plate-bearing on the rivet. 

The conclusions arrived at in the preceding sections on the proportions 
and strength of riveted joints in boiler-plates of iron and of steel, f\i inch 
thick, with the percentages of net section and shearing section, and of 
breaking strengUi in terms of these sections, are collected in the following 
table, Na 147:— 

Table Na 147,— Riveted Joists w Boiler Plates of Iron or Steel, ? a inch 
THICK, of Equal Resistance and Maximum Strength: — Standard Dimen> 



sions and Proportions. 







Riv 


ets. 




Shearing 
Section. 


Sir.' 


,1)1 


1 

Brc:<king ^itrcnRth, per 
Inch, in parts > [ 


Square 

t uf 




V 




>> 


.2 |J! 






in parts 




c I'latc per 




1 I uch. 


Joint in 










0.2 




of that of 










H'lHCH Platb. 




U 


.C.5 

""3 








whole 


Of Net 


Of Shearing 




^9 


B 


•,= 2 






M 


PUte. 


PUte SectioD. 


Section. 








c 




^^'^ 




Iron. 


Steel 


Iron. 


Steel. 


Iron 


Steel. 


t 


a 


3 


4 


5 


6 


7 


8 


9 


10 


11 


ta 


13 


Sin^riveted 


inch. 


inch. 


ins. 


per 
cent. 


t>cr 

cent. 


p«r cent. 


per 
cent. 


per 
cent. 


per 
cent. 


per cent 


t>er 
cent. 


per cent. 






H 


2 


62.5 


94.0 


58.75 


56 


60 


89.6 


96.0 


95-3 


I02.I 


Single-riveted 


















single- welt.... 
Single-riveted 


H 


H 


2 


62.5 


94.0 


58-75 


50 


58 


80.0 


92.8 


85.1 


98.7 




















double-wdt... 




H 


2 


62.5 


188.0 


117.50 


60 


65 


96.0 


104.0 


51.1 


55-3 


Double-riveted 
































3 


75 


104,7 


78.50 


70 


80 


[93-3 


106.7 


89.1 


102.0 


Double-riveted 




















sin^If-welt 


fa 


H 


3 


75 


104.7 


78.50 


65 


78 


86.7 


104.0 


82.8 


99-3 


Double-riveted 




















double-welt... 


H 


H 


3 


75 


209.4 


157-00 


72 


80 


96.0 


106.7 


45-9 


51-0 



Notes to Tablb,— i. The diagonal pitch for the double-riveted joints is 2^ inches, or 75 p<t cent 
of the lengitudiinl pitch. It is equal to the length of Interspace betw<-<-n rivct.s Inngitudinallv. 

a. ThedilUUice apart of the two iwra of riveu is x.68 inches,— say x ••/!« inches baxc— or s6 per cent 
of the loacitudinal pitch. 
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The relations of thickness of platen diameter of rivets, and pitch of 
rivets, here shown for f^-inch platc-joints, are applicable to other thicknesses 
of plates, and are generalized in the following table, No. 148. rro[>i>rtions 
for lap arc included, allowing a "margin," or width of plate outside the 
rivet equal to the diameter of tlic rivet, which is according to the prevailing 
practice.* The "q>acing " denotes the distance apart of the centre-lines of 
the two rows of rivets in double-riveting. 

Table Na 148. — Standard Profortioms of Rivbtbd Jonnrs in 

Iron and Steel. 



Thickness of plates. 
Diameter <tf nvets.. . 



Pitch of rivets (single-riveting) 

Pitch of rivets (double-riveting) 

Diagonsl pitch (douUe-riveting) 
** Spacing" (donble-riveting) ... 
Lap (rin^e^veting) 

Lap (double-riveting) 



= vaaty 

s Aidmess of plate x 2 

_ f thickness of plate x ^^j^ 

" I diameter of rivets x zfi 

^ \ thickness of plate x 8 

~ I diameter of rivets x 4 

^ j longitudinal pitch x ^ 

~ ( diameter of rivets x 3 

= longitudinal pitch x .56,or9/,tf 

_ j thickness of ])late x 6 

~ \ diameter ot rivets x 3 

_ { thickness of plate x xa4^ or 10^ 

~ ( diameter of rivets x 5.24, or $}^ 



On these proportions, the diameter and pitches of rivets suitable for 
plates of from yi inch to "fts indi in thickness, are as given in the 
following table, Na 149. The calculatbn is not extended for thicknesses 

greater than "/16 inch, for which the corresponding rivet has a diameter of 
If^ inches, as this size is assumed to be the maximum properly available 
for practical operations. F'or thicknesses of plate greater than *»/i6 inch, 
therefore, the standard proportions are not available. 

The percentages of strength given in table No. 147 for single-riveted 
lap and sii^le-riveted single-welt joints hold only for plates ^ inch thick. 
For thinner plates the pi rccntages are greater, and for thicker plates they 
are less, than the actual strengths respectively. These variations have 
already been exemplified in the preceding discussion on iron-plalc joints. 
But single-riveting, as above defined, is not now practised except in situa- 
tions where the maigin of tensile resistance is ampler as, for instancy hk 
the transverse scams of cylindrical boilers. 

Such calculations can only be expected to give approximate results,, 
considering the variety of conditions under which joints are made; and 
although equal resistance, that is, equality of the resistances of the net 
section and the shearing section, may be secured by suitably adjusting to 
each otiier the diameter and the pitching of die rivets, It is arguable that die 
larger the rivets and die wider the interspaces, the greater is the breaking 
strength of the join^ seeing that the percentage of net section is thu» 

1 Sec Ai)pcn(i;x 00 Rhrcted Joints to PcoliEssor Kemcdjf^ pqier aliMdjr iden«d ta Se» 
foot-note^ page 659. 
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augmented But otiier considerations have to be weighed. Upon the 
whole, the proportions given in the tabl^ No. 149^ are considered to 

combine most effectively the conditions of equal resistance, maximum 
strength, convenience of construction, handiness, and tightness under steam. 

Table Na 149. — Standakd Rivbtbd Joints op Maximvic Strbngtb 
nr iaoN and Steel Plates of various Thickiibss. 

Net wrtirin 02.^ cfiU (if whulc ;>latc section. 



Phts. 



Diameter of 
Rivets. 



H 
'A 

H 
H 
'A 

I 



I 

2 

3 

3^ 



Double-rnrstiag. 



a 

3 

3^ 
4 

4^ 

Ik 



3 

3^ 



2 



Ltp. 



Single - 
ii««ttiig. 



3 

3^ 



I), lllilc- 

rivcting. 



inchei. 
2 

3% 
3'V.* 
4^8 
5^ 

5-^ 



Note to Table. — The standard proportions arc not applicable for joints of plates exceeding *■/■» 
iDch in fhiekDesi, in conseqnenoe oT the nnftaiiUlitf of using ilvets of greater diameter Uian f f{ indwc 

Whilst the proportions just set forth for riveted joints are considered 
to be the best proportions — providing a special size and pitch of rivets for 
each thickness of plate— otiher sizes and pitches may of course be adopted, 
resultii^ in different degrees of strength of jdnt At the same tim^ they 
may be designed to form joints of equal resistance, and for this purpose 
formulas may be con.structed for calculating the pitch of rivets of any given 
diameter for plates of any given thickness; or conversely, the diameter of 
rivets for given pitches and thicknesses. The double-welted joints, which 
hold the rivets in double diear, and in which ahearii^ sectimi is thus 
provided in excess, are not strictly joints of equal resistance; and the rivets 
might consequently be made smaller in diamctcr^ — augmenting the inter- 
space and the resisting net section correspondingly — the shearing section 
at the same time being sufficient. The augmentation of resisting area that 
might thus be gained would not be considerable, and, moreover, though 
rivete of a diameter of ^ inch, for instancy are tolerable in a joint of 
fi-inch steel plate^ the evidence is unfavourable to their use in iion-plate 
joints. Let— • 

/ = thickness of the plate, in inches. 
d ~ diameter of the rivets, in inches. 
/ = pitch of the rivets, in inches. 

VokL « 



Digitized by Google 



674 THE CONSTRUCTION OF STEAM BOILEKb. 

asam of net plate sectuni» between two rivets in Uie ttrajght lin^ in 

square inches. 
d - shearing section of one rivet. 

r = ratio of the shearing section of the rivets to the net section of the 
plate, or -. 

The area of the net section is equal to {p-d)t\ it is also equal to 
•2^. TWoie, and -7J^±^^p-d', whence- 

Fitch tif Rivds for equal remtanu. 

/.^7854^^.^ 

giving the value of the pitch / in terms of the diameter of the rivets and 
the thickness of the plate. 

Resolving the equation (l) for the value of the diameter of the rivets, 
tiie general expression is obtained.* 

JHamder Rivets far equal resistante, 

1 



V -7854 Vi.S7' «.57 ^ 



To reduce tlie formulas to their simplest forms as adapted to each kind 
of joint: — 

SingU-riveUd Lap-'faint. — ^The shearing section in table Na 147 is 

94 per cent of the net plate section, and the value of the ratio r is .94. 
Substitute this value in equations ( i ) and ( 2 )» and they become by 
reduction, — 

/».83S^'+<i (3) 

^- Vi.2or/+.36/»-.do/. (4) 

These formulas are applicable also for single>riveted single-welt and 
double-welt joints. For the double-welt joint, in which Ae rivets are in 
double shear, it is understood that only half the shearing section, representing 
one ri\-et, is calculated with, or 94 per cent of the net plate section, as for 

the lap-joint 

'The formula ( I ) is an kflected quadratic equatioii, leduced thus: — Divide both sides by the 

coefficient ofi/*, and, rf'-t- add the tquare of half the coefficient of <4 then— 

•7«'54 •/«»S4 

TUm the square root of both sides :— 



the valOB of ^ven in the text, equation ( 2 

V .7i>54 V1.57/ 1.57 
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DauNi'fiveUd Lap-joint. — The shearing section in taUe No. 147 is 
104.7 P*' cc"' of P^** section, for two lines of rivets ; or it is 

52.35 percent for the front line; and r».5235. By substitution in formulas 
( I ) and ( 2 )| and reduction, — 

P'USj+a- is) 

d^^U^l^L (6) 

These formulas are applicable for double-riveted single-welt and double- 
welt joints. In the case of the double-welt joints^ half the total shearing 

section, which is 209.4 per cent of the net section, is 1047 per cent for the 
front line of rivets. As these are in double shear, one half of this percentage^ 
or 52.35 per cent, the same as for the lap-joint, is taken for calculation. 

To verify these formulas by examples, calculate the pitch and the 
diameter of rivets for f^-inch plate-joints. For the single-riveted lap-joint, 
in fi-inch plate^ the diameter of ibe rivet is % inch; to find the pitch, 
/m.375, and </».75 ; and by substitution in formula ( 3 \ — 

/"'•^3s4l= + -7S-i»«Si+.7S*2 inches, 
•375 

as in tiie table: Again, to find the diameter of rive^ when tiie pitch is 
given, /».375, and p^%\ and by substitiition in formula (4), — 

^- V(i.ao X .37s X 2) -t- (.36 X .375') - (.60 X .375) 
- V.90+. 0506 -.925 
■ '/9So6-.2as = .97S-.«25=.7S inch, 

as in the table. 

For the double-riveted lap-joint, in f^-inch plate, «milariy, to find the 
pitch in the straight line. The thickness /— .375, and tiie diameter ^—.75; 
then, by substitution in formula ( 5 ), — 

■ 4l! -75 - a-»499 + -75 - «-9999 « 3 

•375 

the pitch, as in the table. To find the diameter, tiie pitch /a3,and ^— .375, 
and substituting these values in formula ( 6 ), — 

.rf- x/(|x.375-}) + (-^)' - 

-V, 75 + .0156 -.MS 

" V.76S6 - .US - .875 - .185 ■♦75 inch, 

the diameter of tiie rivets, as in tiie table: 

In the table, Now 150, of riveted joints of equal resistance, the pitdies for 

rivets of various diameters are given for various thicknesses of plate^ 

fulfilling, in each instance, the condition of equal resistance, and, of course, of 
maximum strength, for each size of rivet in plate-joints of a given thickness. 
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The thickness of plates, column I, varies from ^ inch to i}i inches. The 

diameters of rivets, column 2, for each thickness of plate, comprehend 
the widest diversities of current practice, and they embrace, of course, the 
standard joints already given in table No. 149. For reasons already 
explained, the maximum diameter of rivets entered in the table is i ^ inches. 
The respective pitches, in single-riveting and double-riveting, are given in 
duplicate, — decimally and fractionally, — in columns 3, 4, 5, and 6. The 
percentages of net plate section, for single-riveting and double-riveting^ 
are given in columns 7 and 8; and these are nominally measures of the 
relative strengths of the joints. 

Table Na 150. — ^Riveted Jonns or Equal Rbsistancb, nr Iron and in 
Steel Plates: — Machin^-riveteix 



Tenaile Stiength of Rivets at least equal to dwt of the Plates. 



Thickness 
of 
Matt. 


Diaineter 
of 


1 PStdi of Rivslik 


Net Plate Section 
ia Fun «( whate Sacdda. 


Single-riveting. 


Double-rivcting. 


nveilng. 


DottUa- 

riwting. 


I 


2 


3 


4 


5 


6 


7 


8 


inch. 


inches. 


inches. 


inches. 


inches. 


inches. 


per ceoL 


per cent. 






'•333 


* '3* 


2.00 


2 


62.5 


75«o 




9/16 


1.619 


iH 






653 


77- 1 




H 


1.930 


I '5/16 


2.969 


23'/3» 


67.6 


78.9 




9/16 


1.408 




2.081 


23/33 


60.0 


73.0 




H 


1.G67 


I"/3» 


2.500 




62.5 


75.0 




•V16 


1.950 




2.940 


2'S/,6 


64.8 


76.6 






2.853 




M50 


3'/i« 


66.7 


78.3 


H 


H 


i.49S 




2.188 


2 3/,6 


58.2 


7>.4 






1.740 




2.585 




6a$ 


73-4 




H 


9J0O0 


2 


3.000 


3 


62.5 


75.0 




'3/,6 


2.282 


29/3» 


3453 


3'5/3. 


64.4 


76.5 






2.580 




3.937 


3*5/.6 


66.1 


77.8 


7/16 


"I16 


1.590 




2.308 


25/,6 


56.7 


70.2 




M 


1.824 


I'3/.6 


2.678 


2"A6 


58,9 


72.0 




■3/16 


3.07s 




3.076 






73.6 




H 


2-333 


2 " ' J 1 


3.500 


rA 


62.5 


75.0 






2.615 


2H 


3.941 


3'Vi6 


64.1 


76.2 




t 


2.908 




4.429 


4^.6 


65.6 


77-1 






1.689 


V'li6 


2.438 


2 7/,6 


55.6 


69.2 






1. 91 5 


I'9/33 


2-793 


2»S/3» 


57.6 


70.9 




H 


a.154 




3- J 72 


39/rt 


594 


724 






2.405 




3-574 


39/16 


61.0 


73.8 




I 


2.667 


2",',6 


4.000 


4 


62.5 


75.0 






2.947 




4.449 


47/.6 


64.0 


76.1 








4.922 




65.3 


77.a 
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Table No. 150 {continued). 



Thickness 
of 
JPlMe. 


Diameter 

or 


Pitch of Rivet*. 


Net Plate Section 
in Pam of wholA ScGtioo. 






if,,.iT,i ■ 




i 

timiiiV. 


Singlc- 
liveting. 


DouWe- 
riveting. 


t 


« 


s 


4 


5 


6 


7 


a 


inch. 
»/l6 


inches. 

H 

»3/i6 

H 

I 

I'/x« 
I3/.6 

.X 


inches. 
1.58s 
1.792 
3.01 1 
2.242 
2.484 
2.738 

3xx» 
3279 
3.S69 


inches. 
3 

2X 
2>i 

3 


inches. 
2.250 

2.573 
2.916 
3.281 
3.667 
4.072 
4.500 

4-945 
5416 


inches. 
2X 

29/,6 

2»9/3s 
39/3" 
3"/3> 
4'/i6 

4'*/.6 
5'3^3« 


12.7 

54.7 
56.5 
$8.2 

59-7 
61.2 
62.5 
63.8 
65^ 


pBf cent* 

66.7 
68.4 
70.0 

714 
73.7 

73-9 
75.0 

76.0 

76.9 


H 


»5/,6 
I 

lVt6 

I 3/,6 


1.898 

2.1 1 1 
2.336 
a.571 

2.816 
3.070 

3-333 


I«9/3, 

^yi 

2««/3a 

2<^itf 

3'/i6 
3"/3« 


8.7 J 3 

3.046 

3400 

3-771 

4.163 
4.568 
5.000 


2'3/3a 

3V3> 

3*3/33 

3*5/3, 

4S/3« 

49/16 

5 


53-9 
55.6 
57.2 
58.7 
60.0 
61.3 
62.5 


67.7 
69.2 
70.6 
71.8 

73* 

74.0 

75.0 




I 

iX 
is/>« 

iH 


2.005 
2.315 

8433 

2.662 

2.898 
3-148 
3.404 
3.667 


2 

27/33 
3>/t« 

2"/3a 
2^9/3, 

3V3» 
3»V3t 

3"/.6 


2.854 
3-182 

3-525 

3.886 
4.262 
4.660 
5.069 
5.500 


2»7/3a 
33/16 
3"'/3» 

3?i 
4X 

4"/3> 
5'/.6 

5li 


53-2 
549 
56.3 
57-7 
59.0 
60.3 
61.4 
63.5 


67.2 

68.6 
69.9 
7IA 
73.1 
73.2 
74-1 
75.0 




I 

»^ 

13/16 

IV 

I5/,6 


3.1 13 

2.319 
2.534 

a.990 

3=30 
3475 


2'V3» 
2M 

3 

3?/3» 
3'»/3« 


2- 999 

3- 3'9 

4.006 

4- 375 

4-756 
5.156 


3 

3S/.6 

3"/3. 

4 

4K 

4.V 
S'/je 


52.7 
54-2 
55.6 
56.9 
58.3 
59-4 
604 


66.7 

68.0 
69.2 
70,4 

71-3 
7*4 
73-S 


>9/i6 


I 

I'/i6 

iX 

iX 

is/t6 
1^ 


2.028 
2.222 
2.426 
2.63$ 

2.856 
3.082 
3.318 


2'/3» 

2V3a 

2'7/3> 
3^3^ 
35/16 


2.845 

3.146 
3.462 
3.788 

4.135 

4.492 

4.866 


2»7/3» 

35/3* 

3'5/3a 
3='V3» 

4X 

4^^ 

4;i 


50.7 
52.2 
53.6 
55.0 
56.2 

57.4 
58.6 


64.8 

66.2 

67-5 
68.7 

69.8 

70.8 

71.7 
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Table No. 150 {coniinued). 





IXuneter 








Nat Pbtfa Saedga 
Ib FMit oCwImIc Saotion. 


ThiclcneM 














of 


of 














Plate. 


Kmtt. 










ifvtmi^ 


Double- 


f 


3 


3 


4 


5 


e 


7 


m 
• 


iMh. 


isclus* 


faKl>e«. 


indiei. 


incho. 


inches. 


per cent 


per cent. 




I 


I-954 


1 


2.715 


2'3/3, 


48.8 


63.2 






3.140 


_ • ^ 




3 


50-3 


64.6 






2.333 


* /j" 




39/3* 


51.8 


65.9 




I3/.6 ' 


2.532 




3.602 


3"/3. 


53-1 


67.0 






, 2.741 


2% 


3.928 


3'-''/i6 


54-4 


68.2 








23'/3» 


4.264 


4X 


55.6 


69.2 










4.616 


AH 


56.8 


70l2 




■1 


1 

X3S3 






35/3* 




64.3 




I 3/, 6 


2.442 


2 7/,6 


3-442 


3V.6 


51.4 


65.5 






2.041 


2"/3:. 


3.750 


3X 


52-7 








3.846 


2'Vj» 


4.068 


4'/«« 


53-9 


67.7 




' 1 


3^S9 




4^1 


4*^3* 


55x» 


6B.8 


I 




3.183 


23/16 


3.024 


3'/3> 


484 


62.8 




_ _/ . 
■ Vitf 


3.364 




3.301 


3'/«« 


49^ 


64.0 




iX 


2.555 


29:16 


3-594 


3'9/j» 


51.1 


65.2 




I 5/,6 


2.750 


2X 


3-895 


3'9/3« 


52.3 


66.3 




iH 


2-953 


231/-.. 


4.212 


47/3» 


5 J"* 


67.4. 




I 3/16 


2.294 


29/,, 


3.176 




! 48.2 


62.6 






2.478 


2'5/3. 


3455 


3'5/3a 


49.6 


63.8 






3.66s 


3«/a. 


3.743 


3X 


S0l8 


65.0 






2.860 


2?< 


4.04s 


4 '/a. 


51.9 


66.0 




I3/t< 


3.333 


3K 


3.065 


3'A6 


46.8 


61.3 




iX 


2.410 




3-334 


3»V3« 


48.1 


62.5 




I5/,6 


2.590 


2'9/3, 


3.609 


3'«/3« 


49.3 


63.6 




U 2.778 


2»S/3, 


3895 


3»9/3. 


50.5 


64.7 



Nom TO Tama— I. The lap for each joint it eqtuJ. for singk-riveting, to 3 timet the diameter of 

the livels; and for doaUMiTCting, to 5^ times the diameter. 
9. Tlie diagonal pitch in double-riveting is Kths of fbe kogitndiaal pUoh; and the 
qMwiiiK ia Vittbs of the longitudinal pitch. 



It is shown in tlie table that, for a ^ven thickness of plate, the per- 

centapfc of net section — nominally the pcrccntaq^e of strenc^th — varies with 
the diameter of the rivets: — the larger the rivets the q^reater the net section. 
As the thickness of plate advances, tlie percentages of net section and 
Strength range lower. For instancy — 

Siagk-rivedng. I)niU»ii«idi«; 

H-inch plate, maamom net section 66.t per cent 77.8 per cent 

H » do. 60.4 „ 73 5 » 

n da 50.5 64.7 „ 
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This is not all The actual strength of single>riveted joints, it has been 

shown experimentally, falls off much more rapidly with the increasing 
thickness, than in the ratio of the net section; and those of double-riveted 
joints also fall off, tliough less rapidly. 



Chap. VL— ELEMENTAL STRENGTH OF STEAM BOILERS- 
RIVETED JOINTS {continued). 

Experimental Breaking Strength of Riveted Joints in Relation to T/iickness. 

From the evidence for ircm plate-joints it appears that single-riveted 
joints in ^-inch plates had only 40 per cent breaking strength against 
56 per cent for ^-inch plates. For 7/16-inch plate-joints, it may be taken 
at 50 per cent 

laoN. 

^-inch idate>joints 40 per cent brealdog strength. 

7/16 »» »i 50 » » 

}i » 5^ >• «f 

In steel, the evidence shows infcrentially that a t6-inch plate-joint was 
stronger than the ^^-inch standard joint Thus: — 

SnaL. N«t StClioc. Breatking Strength. 

Standard joint ^-inch plate (table Na 147)... 63.5 per cent 60 per cent 

5/16-inch plate-joint 57.1 „ 60.8 „ 

With less net section the S/teinch steel fdate-joint had a little more breaking 
strength dian the ' a-inch plate. 

With respect to double-riveted lap-joints, the drift of evidence, which is 
rather mixeii, tends to show that the breaking strength is less unfavourably 
affected by thickness in steel joints than in iron joints. 

Breaking Joint. 

Mr. Longridge records the results of tests for the increase of resistance 
obtained by breaking joint, the distance between the seams being 12 inches; 
from which he concludes that there was a gain of 14 per cent strength, for 
^-inch plate-joints, single-riveted lap. 

Chain-riveting. 

The few tests recorded of chain-riveted joints indicate, — in the welted 
joints, at least, which are not given in taUe Na 14S,— a slightly greater 
strength <^ jcnnt than the tests of zigzag joints. 

Rgststane* ofPtfforaiid Iron Plates to Om^nsshn ai Rwti-koUs, 

The resistance of a perforated plate to the compressive action of a rivet 

upon the inside of the rivet-hole, is a factor which need not enter into 

calculations for the strength of rivet-joints; for the power of resisting com- 
pression, at the side of a rivet-hole filled by a rivet, and firmly inclosed 
between the head and the point of the rivet, is usually much in excess of 
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the compressive force that can actually be applied. Mr. Tangye's experi- 
ments^ show clearly that the resistance of an iron plate may, under like 
circumstances, amovint to a pressure of 40 tons per square inch, before 
the metal yields to any material extent; and that the elastic resistance 
amounted to 20 tons per square inch. The section of a plate exposed to 
compression at a rivet-hole is to be reck<Mied as the product of the 
diameter, d, of the rivet by the thickness, /, of the plate; whilst the 
section of rivet opposed to it is .7854(/-. Taking the respective resistances, 
to compression and to shearin<j;, as 40 tons and 20 tons per square 
inch, or as 2 to I, the resistance to compression is at least as much as 
the resistance to shearing, when the thickness is such that 2/</=7854</*, 

2 

or 2/=.7854</, or, in round numbers, I" suitably proportioned 

joints, the thickness of the plate is j^reater than two-fifths of the diameter 
of the rivet; and, tlierefore, even when the compressive resistance of the 
plate is limited, for calculation, to 40 tons per square inch, it is greater in 
amount than the shearing resistance of the rivet 

Steam-tightness of Riveted Joints. 

Plate-joints may be strong enough; they must be steam-tight alsa 
The effort of steam to slip through between the plates at a seam, is exerted 
in bending apart or opening the plates between two rivets ; and the deflec- 
tion is probably r^^ulated by the laws which apply to the deflection of 
beams under transverse stress. The deflection should vary as the pressure, 
as the cube of the pitch, and inversely as the cube of tlic thickness. If, 
therefore, the pitch and the thickness be increased in equal proportions, the 
joint should be equally well tigh^ under equal pressures; and, if the 
pressure be increased, tiie diortening of the pitch, to provide the needful 
resistance to leakage, may be proportionally much less than the increase 
of pressure. For instance, supposing the thickness remains the same, if the 
pressure be doubled, the pitch may only be reduced in the ratio of ^2 to i, 
or as 5 to 4. 



Chapter VII.— TESTS OF THE STRENGTH OF 

STEAM BOILERS. 

Lancashire Boiler. — In applying the hydraulic test to boilers of the 
construction and dimensions of the ordinary Lancashire boiler, it is the 
practice to carry the pressure to 1 50 lbs. per square inch, and to strain fine 
cords across the flat ends, to act as datum lines from which to gauge the 
ends at, say, twelve points. Mr. L. E. Fletcher states that it is found as 
a rule that the plate under pressure bulges outwards at the centre from 
»/i6 inch to % inch, and on the removal of the pressure returns to its 
original position without suffering any permanent set. In experimental 
hydraulic bursting tests, the ends, ]/. inch thick, of the boiler, as above 
' See A Manual 0/ Rules, TabUs and Data, page 582. 
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described, have stood repeatedly a pressure of 275 lbs. per square inch, 
without leakage or any uppeaxance of distress; but, under a pressure of 
300 lbs., the front end-plate (tisplayed s^ns of weakness about the mud-hole^ 

beneath the furnace-tubes. With this exception, the greatest buli^inq: was 
inch at the front and 3/16 inch at the back, with a maximum permanent 
set of '/16 inch. 

A wrought-iron boiler of diis type, 21 feet long, 7 feet in diameter, 
with two 2^-feet furnace-tubes, was tested by hydraulic pressure by Mr. 

Lavington E. Fletcher, for the Manchester Steam Users* Association. It 
uas constructed to the drawings of the association, of Snedhill plates, and 
tested, in 1874-76, at the works of Mr. T. Bcclcy, Hyde Junction. The 
shell was of 7/,6-inch plates, the tubes of fa-inch plates, and the ends of 
)^-inch plates. The shdl and tubes were made wi^ seven belts of plating ; 
the belts in the shell being each in tiuree lengths drcumferentially. The 
double-riveting was made at 244 inches pitdi in line, and at 1^4 inches 
pitch diagonally, on 33^^ inches of lap. The rivets were slightly double- 
conical, =5 inch in diameter at the middle, having .48 square inches of 
sectional area — yo per cent of the section of the entire plate, and 135 per 
cent of the net secticHi of plate in line. The belts in tiie tubes were of one 
plate circumferentially, welded at the longitudinal joints, and strengthened 
with flange seams. The flat ends were each in one piece The longitudinal 
stay-bolts were removed. The rivet-holes in the shell were punched ; those 
of the tubes were drilled. Test-pieces, consisting of strijj joints, double- 
riveted and single-riveted, and plain strips, were afterwards cut out of the 
boiler, and tested in a testing machine. 

Under hjrdraulic test, all tiie rents occurred longitudinally in the shell, 
starting either at one of the openings cut in the plating for the manhole 
or fittings, or at a longitudinal seam. The circumferential scams, the ends, 
and tlic tubes, were uninjured. A longitudinal scam double-riveted by 
machine gave way at a pressure of 310 lbs. per square inch; the rent 
extending longitudinally for the entire length of the seam, 3 feet, and 
nearly one foot beyond into the next plates at the ends of the seam. The 
equivalent tensile strength was 13.34 tons per square inch of section of the 
entire plate. The net section of plate between the rivets was two-thirds 

of the section of the continuous plate. Then 13.34 x|=2aoi tons per 

square inch — ^the ultimate tensile resistance between the rivet-holes. A 
longitudinal seam double-riveted hand, burst for its length of 3 feet 
under a pressure of 300 lbs. per square inch, the rent extending more 

than 2 feet into the next plate at one end of the .seam. A lonij^itudinal 
seam single- riveted by hand was burst along the seam, without tearing 
into the neighbouring whole plates, under a pressure of 275 lbs. per square 
inch. A cast-iron manhole mouthpiece, 17 inches in diameter inside and 
I Inch tiiick, was burst by a pressure of 200 lbs. per square Inch. The 
upper part was blown entirely oflf, the fracture passing round the cylindrical 
part of the casting. A cast-iron base, 5 inches in diameter and i inch 
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diick, for a blow-off tap, was burst in the same manner b> a pressure of 
29s lbs.; and a cast-iron base for a 6-incli steam-junction valv^ ^ inch 
tilick, gave way under 275 lbs. pressure, a piece having been blown out at 

one side. An oval manhole, 17 inches by 13 inches, unguarded, that is 
unfortified by an extra rinc^ of metal, failed at a pressure of 200 lbs. by the 
fracture of tlic plate at one end of Gie hole, in consequence of the cover 
being forced outwards by the pressure. A wrought-iron manhole mouth- 
piece 16 inches in diameter, sustained a pressure of 300 lbs. per square inch 
witihout showing any signs of yielding. Under hydraulic pressure, with a 
dome of 7',., -inch plate, 3 feet in diameter, on a 7-feet shell, the whole of 
the shell-plate at its base beint^ cut away so as to form an opening as large 
as itself, the flange at the base of the dome ripped at a pressure of 150 lbs. 
per square inch. At another trial with a dome of the same size, and a 
portion only of the ahell-plate cut away, the straining and leakage were so 
much that not more than 235 lbs. pressure could be obtained. 

The direct tensile strength of the boiler plate was proved to average 
20.6 tons per square inch, which is about the same as the resistance 
of the metal between the rivets of the double-riveted joints, when in place 
in the boiler dielL But the separate samples of double-riveted joints 
showed, when tested Mr. Kirkaldy, only 16.22 tons resistance per square 
inch of net section. Whence it appears, as Mr. Fletcher points out, that 
the belt formed by the double thickness of plate at the circumferential 
seam of rivets contributed to the relative augmentation of resistance, in 
place in the boiler; and tiiat a breaking of joint of the longitudinal seams 
is benefidal in the same sense. 

Mr. Fletcher, writii^ in December, 1888, remarks that these tests showed 
that the strength of the metal between the rivets in the actual boiler, 
though the holes were punched, might be taken as practically equal to the 
strength of the plates per square inch of section ; that, at a working pres- 
sure of 75 lbs. per square inch, the factor of safety, 4, was obtained when 
tiie boilers were fitted widi wrought-iron manhole mouthpiece and fitting 
branches; that ^-inch end -plates, without tiie aid of longitudinal stay- 
bolts, had ample strength ; that the flanged seams were adequate to give 
ample strength to the furnace-tubes; and that these tubes, though only 
fa inch thick, were stronger than the .shell, at all events at a cold hydraulic 
test; tliat they confirmed the view that the stress at the longitudinal seams 
of rivets in ^e shell, is mudi greater than at tiie ring seams, the boiler 
being drop-tight at most of the ring seams of rivets, while at the longitudinal 
seams before rupture it leaked profusely; that the cast-iron mountings were 
untrustworthy, and that these bursting experiments helped to break tiirough 
the practice of adopting cast-iron fittings.^ 

Messrs. John Elder & Co.'s Expcrivients} — A cylindrical boiler, 1 1 feet 
3 indies in diameter 'in»de, of ^-inch plates, double-riveted, was burst 1^ 
a hydraulic pressure of 330 lbs. per square inch, equivalent by formula ( 3 ), 

* The frtetsrad pieces are «i1iiWted in the Mnaeum of the Mmnchester Steun Usen* Aandation. 

* Described fn Bi^mmingt Jvif ai, 1876; pagt 47. 
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page 620, to 9.375 tons per square inch of the continuous section of plate. 
The rivets were I'/is inches in diameter, at a lineal pitch of 2^ inches, 
leaving 61.36 per cent of solid metal between. The shearing section of the 
rivets amounted to S6 per cent of the entire section of the plate, and to 
141 per cent of the net section of the metal. The breaking strength of tlie 

metal between the rivets was ^9^375 '5*3' square inch. 

A qrlindrical superheater, 99.915 inches in diameter inside, of 9/sfi-inch 
plates, double-riveted vrith ^s/i^-inch rivet-hole^ at inches pitch, was 
burst, at the line of rivets, by a hydraulic pressure of 245 lbs. per square 
inch, equivalent, by formula ( 3 ), page 620, to a bursting pressure of 
9.988 tons per square inch of the entire plate, and 14.775 tons per square 
inch of the net section between the rivets; the net section having been 
6/.6 per cent of the entire sectioa The shearing section of two rows of 
rivets was 77.2 per cent of the entire section; and 114.2 per cent ofihe net 
section. 

Xow, the tensile strength of the plates of the boiler and of the super- 
heater, tested by Mr. Kirkaldy, averaged 20.5 tons and 20.2 tons respectively, 
per square inch. It dius appears that ^ net tensile resistance <^ ti^e 
plates between the rivet-holes, was only, — 

For the boiler ^ ^5-3^ xioo _ j ^^^y^ suength. 

For the supcAeater (l±1152!J^„) 73.,% of the direct strength. 

^ 20.2 ' 

Showing that the plates had lost one-fourth of their direct power of resistance. 

The three experimental results of testing for the bursting strength of two 
boilers and a superheater, just noticed, supply evidence of the considerable 
augmentation ci the strength of the rivet-joints of boiler-plates, when well 
placed, breaking jc^nt; in a boiler, relatively to their normal strength as 
tested in the form of flat specimens They also confirm the deduction that 
the thicker plates had the weaker joints prc^ortionally. 

Messrs. Grcig & Eyth made some tests of the strength of boiler-shells, 
and of complete boilers for portable engines.^ Three barrels were con- 
structed, 2 feet liyi inches fai diameter inside^ and 3 feet long, of H-inch 
plates, machine-riveted. Two of them, one of hon and one of steel, were 
made with single-riveted longitudinal lap-seams, punched holes, annealed 
for steel, and fg-inch rivets at inches of pitch. The third barrel was of 
steel, double-riveted longitudinally, with drilled holes and jg-inch rivets. 
The barrels were tested by hydraulic pressure, and tiiey all gave way by 
violent leakage at the longitudinal seams, under pressures mudi below those 
due to the breaking strength of the joints:— the tesult of compression of 
the rivets, and elongation of the rivet-holes. 

The first barrel, of iron, leaked violently when the pressure reached 
420 lbs. per square inch; and, by caulking, it was made to bear 450 lbs. 

* See fiaot'OOt^ page 656. 



Digitized by Google 



684 



THE CONSTRUCTION OF STEAM BOILERS. 



pressure. It was increased in diameter, under the stress, by inch. 
The stress at this time did not exceed 74 per cent of the breaking strength 

at the net section of plate. 

The second barrel, of steel, permitted a maximum pressure of 490 lbs. 
per square inch ; equivalent to 69 per cent of the breaking strength at the 
net section of plate. 

The third barrel, of steel, double-riveted, admitted 650 lbs. pressure per 
square inch, being about 69 per cent of the breaking strengUi of the net 
section. 

It appeared that the shearing stress borne by an ordinary ^^J-inch steel 
rivet, before starting to leak hopelessly, was about 14,500 lbs., or 6^ tons, 
being from 66 per cent to 69 per cent of the shearing strength of the rivet 

Two complete boilers, of the locomotive form, were constructed, one of 
iron, and one of mild steel. The barrels were sini^le-riveled longitudinally 
as well as transversely, except at the junction with the fire-box shell, where 
the circular scam was double-riveted. The barrels were of ^a-inch plate, 
2 feet inches in diameter, like the separate barrels before tested, and 
8 feet long, made of two rings of plates 4 feet long. The boilers supported 
a maximum pressure of 420 lbs. per s(]uare inch in the iron boiler; and in 
the steel boiler, with ordinary caulkint;, 520 lbs., and with caulkint; by 
sledge-hammers, 620 lbs. The leaka<;e by the lonLfitudinal scams pie\ ented 
greater rise of pressures. There was neither rupture nor permanent set 
in any part of either boiler. The diameter of the barrel increased only by 
x>is inch over the circular seam; only by .144 inch across the middle of the 
plate. The circular seams of the boiler gave no trouble whatever. 

It is seen that the barrel segments, 3 feet long, closed at the ends, bore 
higher pressures than the boiler-barrels, probably because they were stayed 
by the ends, and were of shorter lengths. The pressures in the boilers 
were too low to cause, in any part, either fracture or set The bulging of 
the barrel between tiie transverse rivet-seams, was evidenced by the unequal 
enlargements of the diameter. Mr. L. £. Fletcher had observed a similar 
bulging between circular seams in his experimental boiler. 



Chapter VIIL— STEAM BOILERS— DEFINITIONS 

Steam boilers of every kind are constructed of parts common to all, 

thout^h varied in form to suit special conditions. 

The s/u// of a boiler, as the name signifies, is the outer inclosure of 
iron or of steel. It may be spherical, cylindrical, or rectangular in figure; 
or it may have a combination of these forms. 

The dMtg, or the steam<hest^ on the upper side of the boiler, is a reser- 
voir into which the steam is collected as it is generated, and whence it is 
drawn to supply the engine by steam-pipe, which is fitted with a stop-valrc. 

The furnace, or fireplace, is the chamber in which the fuel is burnt for 
the production of heat When the furnace is in the form of a tube within 



Digitized by Google 



ST£AM BOILERS— DEFINITIONS, 



685 



the shetl, it is the fumau-tube; when it is of a flat-sided or culncal form, it 

is the fin-box. 

The fitics, or conduits for the products of combustion, are either external 
to tlic slicll, or they consist of internal cylindrical metal flues of compara- 
tively small diameter, in considerable number. Such circular flues are 
call«l flut'^tubeSt and they constitute a mtUHtubuIar flue. The flue^tubes 
are fixed at the ends into Uibe-^ates by ferula; or they may be expanded 
against the tube-plate. 

The manhole is the entrance to the boiler, for inspectimi, cleaning out, 

and repair. 

MiiUJwit's are placed at or near the bottom, for the discharge of sedi- 
ment and for washing out tiie boiler. 

The water is supplied to the boiler by tiie feetl-i^pparaius: a feedfump, 

or an injector, or an inspirator. Its level is indicated by a floe^ 

The boiler is emptied throufrh the blovj-off cock. 

The surface of the water is cleared by the scum-cock. 

Brine-pumps may be used instead of blow-olT cocks, to draw off the 
brine from marine boilers. 

S^ime»t^€oUec^s receive die solid impurities in the water. 

Surplus steam escapes by the safety-valves. 

By vacnuni-vahes, air is admitted into the boiler when the pressure is 
less than that of the atmosphere. 

Fusible plugs are inserted in the crown of the furnace or fireplace, which 
are melted, and give vent to the steam when tiie crown-plates become 
ovefheated by any cause. 

The /r^£iiiyv;$fi8a||v indicates the pressure in the boiler. 

The x'^(tss water-gauge show s the level of the water in the boiler. So 
also do the i^auge-cocks, approximately. 

The boiler is strengthened by stays^ which may consist of rods^ boltSf 
at gussets. 

The boiler is covered with ehUdug or duuHng; or \jy nan^^on^cting 

material. 

The fire-grate carries the fuel, and consists of fire-4)arStfumace-barSt or 
grate-bars, supported by cross-bearers or bar-frames. 

The mouthpiece is the entrance to the furnace, and it rests on the dead- 
ptaiSf which is the floor or sote cS die entrance 

The fire-door is fitted to and hung to die moudiptece or to the furnace- 
fronts which is applied to ordinary flue-boilers, being usually of cast iron, 
or wrought iron, fastened to the end of the boiler, or to brickwork in front 
of the boiler. 



Chapter IX.— LANCASHIRE STEAM BOILERS. 

It is estimated, on good authority, that there are upwards of icx),ooo 
steam boilers at work in the United Kingdom. The so-called " Lancashire," 
or double-flue cylindrical boiler, may be accepted as the standard type of 
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boiler. It has been arrived at gradually. The globular or spherical shape 
was very early adopted as one of greatest capacity, and as a shape which 
was maintained by the pressure, without any tendency to distortion. 
But spherical boilers presented a minimum of surface through which the 
heat of tlie burning fuel was to pass, and it was followed by the upriy^ht 
^lindrical form, like a bottle^ in whidi die surface'was sensibly developed ; 
then by "hay-stack** boilers and "w^gon" boilers. But these, in depart- 
ing from the balatKcd forms of the sphoical and the cylindrical boilers^ 
required to be stayed internally; and were adapted only for a pressure of 
7 lbs. per square inch above the atmospheric pressure. A reaction took 
place. The long cylindrical boiler, witli senii-sphcrical ends, was adopted, 
without any other metal than the shell of the boiler itsdf for strength. It 
Is laid with its axis horizontal, or nearly horizontal, and below i^ at one end, 
is placed the fire, inclosed by brickwork ns usuaL Thus, a great develop- 
ment of "heating surface was effected, the hot gaseous products being con- 
ducted in flues round the boiler before being discharged into the chimney. 
A boiler of this type, in use at ironworks and collieries, is illustrated by 




BoOk 8cbI*i/iss> 

ligs. 264 and 265. It is 6 feet in diameter and 34^ feet long, made of 
>^-inch iron plates, for a working pressure of 80 lb& per square inch. It is 
mounted with two safe^-valves; a feed-pipe and valve; a steam-pipe and 

stK^valve; connected to the main pipe; a 

glass water-gauge, and three test-taps and 
pipes, passed through the crown of the 
boiler. The boiler slopes slightly down- 
wards towards the far end, vrhae the l^>w- 
out pipe is connected to Ae bottom of the 
boiler, whence it is extended underground 
to the front, where the blow-out tap is 
connected, through which the water is dis- 
charged. 

In die coal and iron districts of the North of England, there are such 
boilers. 45 feet long and 4 feet in diameter. For utilizmg die otherwise 
wasted gases, a lengdi of 60 feet or even 80 fee^ and a diameter of 4}i feet, 

arc frequent. 

Besides the egg-end cylindrical boiler, just described, numerous forms 




F(g. 365.— Egg-end Boiler. 
ViavaidSMdaa. Sofei/tq. 
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of cylindrical boileis were introduced. But th<^ were superseded by the 

e^-end boiler. This boiler, in turn, though it is yet much used at ironworks 
to utilize the waste heat from the furnaces, is bein^^ superseded, for the 
supply of steam on a large scale, by the Cornish boiler, the Lancashire 
boiler, and the Galloway boiler; and of these, as before remarked, the 
Lancashire may be accepted as die standard type for practice on land, or 
stationary boilers. These boilers consist essentially of a cylindrical shell, 
with internal through furnace-tubes. The Cornish boiler, introduced by 
Trevithick in Cornwall early in the present century, has one cylindrical 
tube; the Lancashire boiler, having two furnace-tubes or flues, was intro- 
duced in 1844 by Fairbairn & Hetherington in Manchester; and the 
Galloway boiler, having two fumaoe-tubes merged into one of oval section, 
with transverse water-tubes, was subsequently introduced. 

The elements of good current practice in Lancashire boilers, are now 
generally recognized. Mr. Lavington E. Fletcher did good ser\'ice, in 1876, 
in giving an account of the construction, equipment, and setting of Lanca- 
shire boilers, found to give the most satisfactory results of those under the 
inspection of the Manchester Steam Users' Association.' Standard practice 
is exemplified in the boilers constructed by Messrs. Danid Adamson & Co, 
illustrated by Plate IL 

The diameter of the shell of the Lancashire boiler is suited to the size 
of the furnace-tube, which should be at least 2 feet 9 inches in diameter, for 
a suitable body of fire and convenience in stoking. Allowing a clear space 
of 5 inches between the two tubes, and 4 inches between the tubes and die 
shell at each side^ a shell 7 feet in diameter is required. It affords a 
headway of about 2 feet 9 inches from the crown of the furnaces to the 
crown of the shell. A 7J<-feet shell admits of furnaces 3 feet in width; but 
for the higher pressures that have come into practice, a 7-feet shell, with 
two flues of 2 feet 9 inches, is preferred. 

For the length of the boiler, it varies according to taste or preference 
from 21 feet to 30 feet. A length of 27 feet or 27 )^ feet is generally 
preferred. The longer the boiler the greater the liability to strain the ends 
by unequal expansion. The ends should be rendered elastic so as to 
endure the buckling action without fatigue; and for this purpose there 
should be not only a sufficient width of end-plate between the two furnace- 
tubes, as well as between them and the shdl, as already explained, but also 
a space of 10 inches between the centre of the bottom of rivet in the 
gussets, and those at the furnace mouth. Five gusset-stays are inserted 
to bind each end-plate of the boiler to the shell. Five is a convenient 
number: one gusset falls on the vertical centre-line, where the front end- 
plate is weakest, and where it can be held fast without resisting the move- 
ments of the furnace-tubes. The part of the end-plate that should be left 
free is that immediately over Uie fvmace crowns. 

* See Mr. Flctcho's paper **Od the Leocadiire BoOcr,** In die MhuOa Pnutdings of Ot 
Itntitiiium of Mtckamiui Engmiin, Maj 187611 To thw paper the author it bdebted ibr aiiqr 
useful observation*. 
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Longitudinal stay-bolts are frequently introduced to assist the end- 
plates. They arc placed as much as 14 inclics above the level of the 
furnace crowns, and as close tocjether as may be convenient. They are 
secured at each end with double nuts, one inside the boiler and one outside. 
When placed directly over the crowns of the {umaoeSk and only a few inches 
above them, they confine the tubes too strictly, and overstraining ensues. 

To increase the elasticity of the front end-plate, by providing a larger 
free area, it is attached to tlie shell by an external angle-iron, rather than 
by flanging or by an internal anc^le-iron. It is not necessary to attach the 
end-plate at the back of the boiler, wiUx an external angle-iron, as sufticient 
provision for free action is made by reducing the diameter of the furnace- 
tubes at the back end, so leaving more free area of plate for expansion than 
if the tube were carried of undiminished diameter to the end-plate. Besides, 
an external angle-iron fastening would be exposed injuriously to the action 
of the rianie. Each of the end-plates of the shell is constructed of two 
plates welded together at the seam. By welding instead of riveting at the 
seam, the advantage of a flat surface is secured, convenient for the attach^ 
ment of mountings. The plates are turned in the ladie at the outer edgt 
and are bored out at the openings for the furnace-tubes. 

The cylindrical shell is composed of plates about 3 feet wide between 
the pitch-lines of the rivets; t!iey arc laid in not more than three lengths 
round the circumference, in order tliat the longitudinal seams may clear the 
brickwork seatings. These seams are so arranged as to break joint, and 
also to avoid the centre>line along the top and the bottom of tiie boiler. 
In all the longitudinal rents obtained under Mr. Fletcher's experimental 
hydraulic tests, the plates bulged outwards at the middle of their width, 
and this action was obser\'cd to a sliglit extent before rupture, showing 
that the greatest strain, and thus the point of first fracture, occurred at or 
near the centre-line of each plate; and hidicating that breaking joint is of 
practical advantage, and diat a boiler composed of wide plates is not so 
strong as one of narrow plates. 

The shells of boilers of wrought iron, 7 feet in diameter, are 7/,6 inch 
thick for a pressure of 75 lbs. per square inch, and 9/,6 inch thick for a 
pressure of 100 lbs. per square inch. The longitudinal seams are double- 
riveted, with ^-inch rivets pitched about 2j4 inches longituduially and 
2 inches diagonally. The transverse seams are single-riveted, at 2 inches 
of pitch. This practice is in accordance with the fact, already noted, 
page 621, that the stress on the transverse seams of a cylindrical boiler is 
only one-half of that on the longitudinal scams. Ik'sides, by the introduc- 
tion of the furnace-tubes, the area of tlic end upon which the steam acts is 
reduced, and the longitudinal tension lessened; at the same time tiiat die 
ends are sta3red by the tubes. End-plates are occasionally made ^ indi 
in thickness for a pressure of 60 lbs. per square inch. Thicknesses of ^ inch 
for 75 lbs. pressure, and ,6 inch for higher pressures, are sufficient. They 
are preferable to a thickness of inch, as the thinner plates yield more 
freely under unequal expansion. For furnace -tubes 2 feet 9 inches in 
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diameter, }i inch of thickness is sufficient for a pressure of 75 lbs. per 
square inch, n/^ indi for 80 lbs. or 90 lbs., and 7/t6 inch for 100 lbs. 
pressure. At these thicknesses suffident metal is provided for flanging the 

scams when this is required to be done; and a margin for waste by corrosion 
is afforded. Half-inch plates are occasionally used for furnace-tubes; but 
they lead to violent straining and frequent leakage at the furnace mouths 
and tranamse seams of rivets. Plates 5/16 inch thick, suitably fortified, 
in 2 .feet 9 inch flues have been proved capable of efiecttvdy resisting a 
h}^raulic test pressure of 1 50 lbs. per square inch, and of working for years 
under a steam pressure of 60 lbs. 

A!thnu[^h wrought iron has been almost universally the material of 
steam boilers, of recent years steel of a mild quality has been extensively 
and successfully used; and is nofur almost exdnsively used in the best class 
of work It is stronger than iron, having a tensile strength of from 26 tons 
to 30 tons per square inch, against from 20 tons to 22 tons for iron plates. 
Ductility, as well as simple tensile strength, is required in the material of a 
boiler; hence the necessity for a mild quality of steel. Lowmoor iron 
rivets are used for iron-plate work, and they have also been used for steel- 
plate work. But it is now recognized tiiat livet steel of trustworthy quality 
can be produced, and steel-plating is now riveted with steel rivets. Steel, 
as a material for steam boilers, has occasionally failed, — inexplicably, as it 
appeared ; — but the fitting method of treatment is now thoroughly under- 
stood, and steel of uniform quality in boilers can be ensured. There are 
manufacturers of boilers who use steel exclusively in their construction. 
The longitudinal seams <tf the diells are double-riveted witii double 
welts. 

The resistance of cylindrical flue-tubes to collapse under external 
pressure has already been discussed. It has been shown to be much less 
than the resistance to internal or bursting pressure. The strengthening 
or reinforcement of flue-tubes of Lancashire, Cornish, and like boilers, 
is therefore, in presence of tiie modem high pressures, now universally 
practised; so that flues may be rendered capable of resisting even higher 
pressures than shells, as has been repeatedly proved by experimental 
bursting tests, in which the shell has been burst, whilst the furnace-tubes 
have not sufifered at all. Mr. Daniel Adamson introduced the ilange-seam 
for furnace flues, fig. 266, in 185 1, — a system now in 
common practice, — according to whidi tiie transverse 
edges of the plates are flanged outwards, and riveted 
together, with a ring between them. Stiffness to resist 
col la psing pressure is thus combincci with a certain 
degree of longitudinal elasticity, which is provided by ^fiI^°,',M,i^f,|,'^°'°' 
the bends of the plates at the flanges. The rivet-heads 
are in water, and there is but a sii^le thickness of plate exposed to the 
direct action of the fire. For the strengthemng of the fiimace-flues of 
old boilers, made with ordinary riveted seams, the simplest appliances are 
hoops of angle-iron, as in figs. 267, encircling the tube, with an interspace 

Vol. L M 
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or clearance for circulation from i inches to i}i inches wide^ between the 
hoops and the tube. They are riveted together, with ferules in tiie inter- 
space. Double angle-irons, or angle-irons in pairs, are occasionally 
cmpl<)\ cd. Hut these, of course, increase the width of interspace between 
the fire and the water, and incur liability to overheating. On another plan, 
fig. 26S, the furnace-tube is encircled by a few thin rings of iron on edge, 
3 inches or 4 inches in width, and inch thick, closely fitted to the tube, 
but not attached to it This plan is obviously imperfect Rings of T iron 
forming the connection between the plates at the circular seam, fig. 269, 
were carl\- introduced, it is believed, by Messrs. Hick of Bolton, in con- 
junction with welded longitudinal seams. This system has been widely 




F%t. a07.— Angh-boa Hocp for Fig. s08.— Saengtheninc Fig. 069.— T-iran Joint fiir 

I (irmgllMiniic Boiler PIo»4u1ms. Ring Jiw Panwoe^nbei. PunuwMulm. 

employed for strengthening furnace-tubes. The rings form a strong support 
so long as they continue in good order. But, whilst the horizontal member is 
exposed to the heat of the furnace, the vertical member, or rib, is surrounded 
by water, and is comparatively cooler than the riveted section. The con- 
sequence is unequal rates or expansion, and an undue straining and radial 
fracturing of the rib. A fracture, once commenced at the circumference^ 
gradually advances inward.s, and is at the same time widened by corrosion. 
Such a liability is objectionable, and even dangerous. The Bowling hoop, 
fig. 270, was introduced by Mr. Thomas Hill in iiS6i, when it was made 
from railway bars rolled at Bowling. The Bowling Iron Company manu- 
facture such hoops in one piece of steel. The Bolton Steel and Iron 
Company manufacture a ring of like section. 

Messrs. Hawkesley, Wild & Co. manufacture furnace- tubes, consisting 
of rings of alternating larger and smaller diameters, subsequently illustrated, 
the smaller rings being e.xpanded at their ends to join the larger rings by 
a seam of rivets. The resistance to collapsing pressure thus gained is 
evident, whilst the tube is free to expand radially as well as longitudinally. 
The smaller rings of the two furnace-tubes applied to a Lancashire boiler 
are opposed to each other, and so provide at such intervals convenient 
room for a man to stand between the tubes, for purpo.ses of inspection, 6cc. 
The additional room, too, is useful no doubt in facilitating circulation of 
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water; whilst the varying section aids in promotinj^ the mixinc^ and the 
combustion of the gases. See illustrations of the boiler, pages 717 and 718. 

Mr. J. N. Paxman has obtained good action from the joint formed by 
setting out the edges of the plates of the furnace-tube^ and forming the 
lap-joint on a larger circle than that of the body of the tube, as in fig. 271. 
It greatly increases the power of resistance of the furnacc-tube to collapse; 
whilst it acts as an e.xpansion-joint, and the rivets at the junction are out 
of the range of the scouring action of the flame. The flues of boilers with 
this joint are made of solid welded rings in steel w iron, and rolled out 
accurately with a machine to the form shown in fig. 272. 





Fig. 373. - The Pixnun Joint 
(or Funukc«-iut>es. 



Fig. J71. — The Paxman Furnacc-tube. 



Mr. S. Bosu ell has designed a flange-seam, fig. 273, of a conical form, 
for which each plate is welded into a ring, of the form of a frustum of a 
cone. The seam yields to expansion and contraction in any direction, and 
each ring being conical, the heated ga:>es, as they advance, are disposed to 
bear or press upon the narrowing flue; 
with an accelerated transmission of 
heat in consequence. Suppose, for in- 
stance, that the smaller diameter is 
4 inches less than the lar<^'cr, assuming the latter to be 3 feet. The 
respective extreme sectional areas are as 5 to 4, approximately, and the 
velocity is accelerated in tiie inverse ratio, as 4 to 5. It is probable that the 
eddies consequent on audi alternations of velocity not only augment die 
transmission of heat, but also promote the prevention of smoke. 

In some cases, Fetrie's water-pockets» %s. 274, and in others, Galloway 




Fif. t73.— Bonidl 





F%ft. 974.— Pciiie's WaMrvockMt. 



Fig. •7S>'-Callamy 1U)M> 



tubes, fig. 275 and Plate II., are introduced into furnace-tubes as a pre- 
caution against collapse, in addition to tfaeur acting as promoters of circu- 
lation. The Galloway tube is taper, to admit of the lower flange being 
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passed through the upper opening, to get the tube into its place. Many 
makers insert cylindrical tubes or pipes and weld them in. 

The most notable advance in furnace-tube^ <^ recent years, is the 
corrugated furnace-tube introduced by Mr. Samson Fox some years ago, 
illustrated by fig. 276^ and in Section IV. They are manufactured of mild 

steel at the Leeds Forge. As an 
illustration of the comparative 
Strength of corrugated and plain 
flue-tube^ two flues of like material 
and dimensions^ one corrugated 
and the other plain, were crushed by hydraulic pressure, when the corru- 
gated flue sustained a pressure of 1020 lbs. per square inch before giving 
way, whilst the plain flue failed at 225 lbs. 

A modification of the corrugated flue, specially adapted for stationary 
boilers^ has been introduced by Messrs. Hopldnson & Coi, consisting of 
portions of the flues, at regular intervals or where desired, being left uncor- 
rugated for the introduction of Galloway tubes, the plain parts being of the 
same diameter as the tops of the corrugations. 

As stays in supporting the end -plates to which furnace-tubes are 
attached, the Leeds corrugated flues are inferior to plain flues. Thqr 
elongate tmder pressure; and when they chance to be overheated, they 
become still less able to resist the forces tending to doi^te them, and 
they may be drawn out till an excessive strain is thrown upon other parts. 
This contingency may be counteracted by the insertion of longitudinal 
stay-bolts around the tube. 

The Famley Iron Company manuiacture boiler-flues of mild steel, 
with " ^ral " or hdical corrugations, as In fig. 277. They tend to diorteo 




Fif . a77.— Hdicany^omgated Funuwe-^ube. VutHitf boo Caapujr. 

under pressure. In one case, under a pressure of 200 lbs. per square inch, 
3^-feet flues, feet long, shortened V33 inch, resuming their normal 
length on being relieved. Thus they serve as stays for the ends of the 
boiler. The direction of the corrugations facilitates the draught, i»«senting 
an easy angle for impii%;enient The collapsing pressures for flues of ^yi feet 
outside diameter were proved to be as follows: — 
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inch thickness 847 lbs. collapsing pressure per square inch. 

» w ^3S •» » i» » 

*/«• » » S*^ f» M n M 

Short stand-pipes of wroi^ht iron, for the attachment of fittings— caUed 

*' fitting-blocks" when made, as formerly, of cast iron — are riveted to the 
shell of the boiler, and strengthen the plate round the hole. The manhole 
mouthpiece, also, is made of wrought iron: it was first adopted by Mr. 
Daniel Adamson. The results of Mr. Fletcher's bursting tests show that 
cast-iron pieces in such situations are relatively weak and ought to be 
abandoned for wrought-iron work. 

The form of the Lancashire boiler remains unaltered when the boiler 
is filled with water. But there is a very sensible alteration of form by the 
action of the fire. The tubes hog upwards in consequence of unequal 
heating, and thrust out the ends. This action is most severe soon after the 
fires are lighted. But when the boilers become generally heated, the 
distortion ceases. It seldom lasts more than an hour. Mr. Fletcher 
records in connection with the tests conducted at Wigan, already noticed, 
page 144, Sec, the results of his observations on such distortion by means 
of gauges, summarized in the following table, Na 151. 



Table Now 151. — ^Distortion of Fdrnacctubbs nr ImmiALLY-nRED Boilers, 
FROM THB AcnoK OF THE FiRBS. (Wigan Trials.) 

Lancashire Double-fine BoUen of Iron iad of SCed. 



CowMTiom 
»ATiini«f Mwwl OhMimioi), 


FmUom of GaufM M F)inaee4ub«. 


One-fourth from 
FtaMEod. 


MidLmllL 


One-fourth fram 
BMkEiid. 


I. Rise of tubes in boilers; flame passing 
3. Rise of tubes in iron boiler; flsoie pass- 


H 


HCh. 

H 


inch. 



The boilers referred to in this table were 28 feet in length and 7 feet in 
diameter, with two furnace-tubes, 2 feet 7^ inches in diameter. The shell- 
plates of the steel boiler were fully }i inch in tliickness, and those of the 
iron boiler 7/16 indi. The tubes were respectively V16 Inch and inch 
thick. Care was taken not to strain the boilers by severe firing, steam 
being got up vrith tiie dampers only partially open. 

In the second case, of the boiler treated as for a flash-flue, when the 
draught was stopped off from the side and bottom flues, the distortion was 
greater tiian in the first case. The shells when raised to 212'' F. lengthened 
^ inch in 8 feet Of course, when expansion imceeds unequally above 
and below, hogging of the shell results. It is shown by the tables too, that 
the rise of the tubes was greater near the front than near the back. When 
hard pressed with a heavy fire, in r^lar action, furnace-tubes with flanged 
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joints may give way at die bottom of the tubes; and the straining and 
leak^ may be more severe in proportion as the end-plates are more rigid, 
and the longfitudinal stay-bolts are tighter, and brought down nearer to the 

ani;le-iron connections of the tubes to the end -plates. This result is 
brought about by the apphcation of the fire to tlic upper side of the 
furnacc-tube, elongating the upper surface, causing the tube to arch 
upwards, and opening or easing the flange-joints at the caulking, which is 
inside; Mr. Fletcher mentions a case in which the furnace-tubes had 
leaked repeatedly at the bottom. The scams were caulked and re-caulked 
without success, until at lenj;th the nuts at the ends of the longitudinal 
sta\ -bolts were let out. The stay-bolts were thus partially released, and 
the leakage was cured. 

The foregoing observations lead to a consideration of the familiar form 
of failure known as grooving: — the result of overstraining transversely — 
excessive bending strain. In Lancashire boilers the grooving action takes 
effect chiefly in the front plates, inside, just over and around the furnace 
mouths. They are the joint results of mechanical action and chemical 
action. The plate is alternately forced or bent outwards by the move- 
ment of the furnace-tubes, and restored to its normal position, corre- 
sponding with the intermittent action of the fire, until it opens ever so 
slightly, forming a slit which is at first scarcely visible, and which 
gradually extends into the plate. The slit or crack is penetrated by the 
water, and if the water be acidulous, it gradually corrodes the metal in 
the slit, and widens the slit so as to form a groove, where the plate is 
strained between two angle-irons — the angle-iron joining the fumaoe-tube 
to the end -plate, and die angle-iron of a gusset-stay. The angle-iron, 
joining the furnace- tube to the end -plate, is also subject to grooving. 
When four gussets, instead of five, the usual number, connect the end-j)late 
with the barrel of the boiler, the outer gussets and their angle-irons arc 
unfavourably close to tiie tube angle-irons. The gussets act as powerful 
ties to prevent tiie end-plate from jnelding to the dirust of the heated tube. 
Hence the overfatigue and consequent grooving of the intermediate metals 
—the plate and the angle-iron. 

The grooving of the T form of strengthening rings applied to furnace- 
tubes has already been noticed; and there is a third form of grooving, 
which takes place next the longitudinal lap-joint seams of cylindrical 
boilers. The author publicly directed attention to the causes of this kind 
of grooving in i860.' " The alternate tension and relaxation of the plates 
at the joints, as the steam is got up and let down, are attended by an 
alternate distortion, incipient, it may be, and resumption of the normal 
form, a bending and unbending of the plates on each side of the joint; in 
consequence of which the texture of the metal is gradually loosened, in 
lines near to^ and parallel to the joint, and it is thus laid <^en to corrosive 
action. On tiiis interpretation, the commencement of a groove or furrow, 

' A\rfnt Pmtlit* «* Air l»e»mtegt, 1860^ pagi 15. See alio JtaOamj Lumiuinmt 1860; bv 
D. K. Clark. 
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establishing a weak place, and concentrating the action there, would suffice 
to extend and deepen it, to 0ie dangerous limits occasionally announced by 
explosions. 

"The weakness attendant on lap-joints is strikingly exemplified in the 
lap-welded joint, when subjected to extreme tension. The tensile streiir_^th, 
though the metal at the wckl may be perfectly solid and fully as strong in 
itself as the body of the plate, is much below that due to the regular section 
of the plate Here there is no sign of elementaiy weakness due to the 
reduction of metal by rivet-holes. The inferiority of strength arises solely 
from the bendin;:: of the plates on both sides of the lap, and the over- 
straining of the boiler, in the endeavour to attain to the position of 
stability." 

"That the furrowing of plates at the riveted joints results from tlie 
indirectness of the strain of the steam pressure, is rendered still mort 
probable by the analogous furrowing which results from reciprocating 
strains of another kind. In the more ancient classes of locomotive engines, 
in which the cylinders are fixed to and work from the smokebox plates, the 
alternate forward and backward strains by the steam pressure on the piston, 
have been observed to weaken and to subject to corrosion and leakage, the 
substance of ttie plate along the edge of the angle-iron at die junction with 
the barrel." 

The producing cause of grooving of longitudinal cylindrical rivet-seams, 
as well as of end-plates here pointed out, is now universally accepted in 
explanation of the grooving or furrowing of boiler-plates. 

The author likewise, in i860, pointed out for the first time, the advantage 
of making the longitudinal joints of cylindrical boilers stronger dian the 
transverse joints, for the reason that the proportional stress on the former was 
twice as ;grcat as on the latter.^ " The longitudinal seams, therefore," he 
says, "should be the stronc^tst, and there, settini^ aside meantime the 
welded joint, the double-welt double-riveted joint, should be applied ; and 
for the circular or transverse seams, bearing only half the strain to which 
the longitudinal seams are subjected, the single-riveted lap-joint is sufficient^ 
being, in fact, proportionally stronger in its place than the other: — pro- 
portionally stronger, that is to say, with respect to strains arisii^ from 
steam pressure; and when, as it ought to be, the boiler is employed exclu- 
sively as a [generator of steam." . . . "A boiler riveted by double-welt 
double-riveted longitudinal joints in the cylindrical portions, and every\vhere 
else by single-rivet lap-joints, is practically of equal strengdi throughout" 

Since die for^foing was published, it has become the practice, nearly 
universal, to double-rivet the longitudinal seams of cylindrical boilers, 
either with lap-joints or double-welt joints, and to sinf^le-rivct the circular 
seams. Hut the circular seams are sometimes double-riveted with lap- 
joints or welted joints. 

In the construction of Lancashire and Cornish boilers, the plating of 
the shell is truly cylindrical ; that is to say, having inner and outer belts 

^JUetmt PratHa im tkt Laeomatistt pag^ 11, la. See abo JMhwg^ Lotomdmi, 
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alternately, the laps of circular seams directed alternately towards the 
front and the back. But for externally-fired boilerSk "thimble-plating" is 
adopted; that is, conically-formed belts» one to enter the other, so that all 

the laps are turned from the fire 

Steam-domes were formerly applied to stationary boilers, as in fig. 278, 
to augment tlie steam-space and provide dry steam. That they were 

effective for this purpose need not be doubted; but 
'^Niy they, of course^ destroyed the balance of pressure^ 
^7 1 and were a source of weakness. Mr. E. A. Cowper, 
^ I in order to compensate for the want of balance, 

I applied a straight horizontal stay-platc across the 

J F^ ^^'^ K. ^°'^^'"» underneath the base of the dome, as a tic from 
>k side to sid^ so as to make up the resisting power of 
'*'Sa?SIIJ5!^*' boiler at diat place This plate is perforated; 

so also is the shdl of the boiler under the dome, the 
shell not being cut away. In other cases, the hole opening into the dome 
from the boiler is only made the usual size of a manhole. 

Steam-domes are not now applied. They have been superseded by an 
internal perforated pipe, placed along the top of the boiler longitudinally, 
first employed in stationary boilers by Hick. The volume of the dome^ of 
course, adds but little projx : ti onally to the steam room of the boiler; but 
it carries the steam to a higli level above the water, and in this way priming 
water is dropped behind. The perforated pipe answers the purpose very 
well. It operates on a different principle from that of the dome, — collect- 
ing the steam at many points distributed over a condderable extent of the 
steam-space^ and so obviating undue concentration of the upward streams 
of steam, and the consequent uplifting or priming of water. The receiving 
pipe is of cast iron, about 5 inches in diameter and 6 feet in length, closed 
at the ends, and suspended from the crown of the shell by a stud and set- 
screw at each end. There are, say, 100 rectangular perforations, usually 
about I Yt indies long by inch wld^ in the upper part, in three rows, 
through which steam enters the pipe; and the steam leaves the pipe mid- 
way through a nozzle, say, 4^ inches in diameter, which fits a 6-incfa 
opening through the shell into the stand-pipe of the steam stop-valve. 

Where a reservoir for steam is required, a separate vessel should be 
provided, connected by one or more necks to the boiler, limited in diameter, 
80 as not materially to weaken the shell by the openings. The weakness 
of the shell where it is cut out for a dome has been proved by actual test 

The manhole is made with a mouthpiece of wrought iron, welded into 
one piece, flanged at the top and bottom, and double-riveted to the boiler, 
say, 16 inches in diameter, of 3/^-inch plate. A binding hoop is added 
below the shell-plate, and is riveted into the structure. The resisting 
strength of this mouthpiece has already been noticed, page 682. 

The mudhole at the front of die boiler, beneath the furnace-tube^ is 
fitted with a substantial mouthpiece^ fixed on the inner side of tiie end- 
plate. 
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Fittings. — The fittings are so arranged that those to which frequent 
access is required are immediately within reach of the attendant when 
standing in front of the boiler. The feed-water is introduced on one side 
of the front end-plate, about 4 inches above the level of the furnace crowns, 
an internal pipe being carried along inside the boiler for a length of, say, 
12 feet, and perforated for the last 4 feet of its length, for the purpose of 
at once dispersing and diffusing the cold feed-water introduced. On the 
other side of the front end-plate, the scum tap is fixed, for the purpose of 
drawing oflf from time to time the froth or scum that floats on the surface 
of the water, which is collected in a series of sediment-catching troughs 
fixed inside the boiler. Two glass water-gauges are fixed to the middle 
of the end-plate, a pointer showing the correct height at which the water 
should be maintained. A dial pressure-gauge is mounted immediately 
above the water-gauges; and above all, on the top of the boiler, a dead- 
wei^'ht safety-valve. A low-water safety-valve is placed on the middle of 
the boiler. Below, underfoot, is the blow-out tap. A handle for regulating 
the dampers is frequently placed at the front of the boilers 

The position of the feed-water inlet-pipe is a point of importance. If 
the feed-water be cold and be introduced near the bottom of the boiler, it 
is likely to induce local contraction, and thereby strain the transverse 
beams of rivets at the bottom of the shell. 
But when introduced near the surface of 
the water and passed through an internal 
perforated pipe, it is dispersed before 
falling to the bottom, and acquires in a 
greater or less degree the temperature of 
the surrounding water. A non-return or 
check valve is, in many cases, applied in 
the feed-pipe when the feed is delivered 
at a low level ; but it sometimes fails and 
allows the water to escape from the boiler, 
acted on by the pressure of the steam. 
The crowns of the furnaces in this case 
become bare and overheated, and the boiler 
may even be emptied. But when the feed 
is delivered at a high level, as already 
described, the boiler cannot be drained to 
any dangerous extent by leaky valves. 

The dead-weight safety-valve, which is 
of the Cowburn type, shown in section, 
fig. 279, is simple and efficient. The centre 
of gravity of the load being below the 
seating, the valve remains naturally in 
position, without the aid of wings or fins, 
and is free from frictional resistance, or 
liability to stick fast. The valve is loaded with flat annular plates or rings. 
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Fig. 379.— Dead-weisht Safety- valve. 
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and the shell is cast with mouldings around it at tlie lower part, uniform 
with the weights. The material is so adjusted that each moulding, as well 
as each annular plate, represents a pressure of 5 lbs. per square inch on the 
valve. The diameter of valve generally adopted is 4 inches, which requires 
approximately a load of 8 cu t. for a blowing-ofif pressure of 70 lbs. per 
square incli, and 1 1 cwL for 100 lbs. pressure. The great weight required 
to load this valve is a mark of safety in respect of overloading, since 
additional deadweight of a considerable magnitude would be requiivd 
seriously to augment tfie blowing-off load. 

It is of importance that the safety-valve should be placed on a mouth- 
piece distinct from that of the steam stop-valve, in order that the safety- 
valve may at all times be free to act, even when a plug may have inad- 
vertently been left undrawn from the steam-pipe. In cases where the 
safety-valve has been placed on the same outlet as the steam stop-valve, 
the accidental plugging of the pipe has given rise to explosions: the safety- 
valve blowinij off steam contributed from the main pipe^ whilst the steam 
was, in fact, pent up in the boiler. 

The low-water safety-valve is of the Hopkinson type. To one end of a 
lever inside the boiler, a float is attached, so that when the water falls 
below the desired level the float falls also^ and thus raises the valve, and 
allows the steam to blow off. Attention is thus drawn to the low level, and 
the pressure is lowered at the same time. The valve is compound, one 
vah'c bciniT seated on the other. The central disc is loaded by a dead-weight 
inside the boiler, and is acted on by the lever in the event of low water. 
The annular or outer valve is loaded by an external lever and weight; and 
lifts along with the central disc in the event of high pressure of steam. 
Thus it is that the valves blow off on the occurrence either of too high a 
pressure of steam, or too low a level of water. The outer valve is 5 inches 
in diameter, and the inner valve is 2}j inches. The action of the steam- 
valve can be tested by easing the lever when the steam is up; and the low- 
water apparatus can be proved by blowing off water at the blow-out tap and 
lowering the water-level to, say, 6 inches above the crowns of the furnaces. 

The furnace mouthpieces are of wrought iron, finished off with a neat 
brass beading, leaving in view the circle of rivets round the tube. The 
fire-doors are fitted with a sliding ventilating grid on the outside and a 
perforated box bafile-plate on the inside, the aggregate area of air-passages 
being about 50 square inches for each door, or about 3 square inches per 
square foot of fire-grate. The fire-grate is 6 feet long, having the bars in 
three equal lengths* about ^ inch thick, and spaced inch apart, as air- 
space. Tile bearers consist of two wrought-iron bars carried on wrought- 
iron brackets riveted to the sides of the fiirnace-tube.s. The standard 
length of grate is 6 feet. Shorter grates are more economical, inducing 
greater evaporative efficiency; but the concentration of the fire is more 
tr3nng to the boiler, and it has been found, where the feed-water has not 
been good, to injure the plates of the furnace, and to render necessaiy the 
lengthening of the grate. 
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The bridge at the end of the fire-grate is of fire lumps, laid in a seat of 
cast iroa The top oT the bridge is 14 indies below the crown of the furnace. 

The bdler is set on side walls; and rests on fire-brick seating blocks 
presenting a bearing surface, say» 5 inches wide. The side flues are, say; 
6 inches wide at the top ; they are carried up to the level of the furnace- 
crowns, or a few inches above it, and down to the level of the bottom of the 
shell. The width of the bottom flue is equal to the radius of the boiler, and 
the angle of the bearing of the seating block is 50^ for any diameter of 
shell The flam^ after leaving the furnace-tubes, passes under the bottom 
of the boiler, and returns to the chimney along the side flues. According 
to other practice, which was common some years ago, the drauf[ht is con- 
ducted from the furnace-tubes direct to the side flues, and thence below the 
bottom of the shell. But, on this system, the circulation of water is but 
slowly promoted ; so that, in getting up steam, the top of die boiler becomes 
hotter than the bottom, and straining at the transverse seams ensues. If, in 
addition to this, the feed-water, when cold, be pumped in at or near the 
bottom of the boiler, the strainings is augmented. The occurrence of scam- 
rents at the bottoms of Lancashire boilers, in cases where the final traverse 
was made under the shell, has led to the abandonment of that plan, and 
the general adoption of the plan already described, of carrying tiie burnt 
gases direct from the furnace-tubes under the bottom; and also the intro- 
duction of the feed-water near the surface. 

Whichever course may, in itself, be the more economical of fuel, the use 
of feed-water heaters, or fuel economizers, as a means of exhausting the 
burnt gases of a large portion of their heat on leaving the boiler, meets and 
solves the question in a practical way. By means of an effective economizer, 
the temperature of cold feed-water may be raised to from 260° to 320° P., 
gaining an accession of, say, 240 degrees of temperature. Besides the 
direct saving of fuel effected, the heating of the feed-water prevents local 
cooling, with undue straining, and obviates repairs. 

To compare the sectional areas of flueway with the area of the grate, 
in ordinary practice the throat of the furnace or passage-way over the 
bridge, is 14 inches high at the crown of the tube, and has a sectional area of 
1.88 square feet, about one-ninth of the area of the t^rate. The furnace-tube 
beyond the bridge has a sectional area of 5.94 square feet, which is nearly 
one-third of the grate-area. The bottom flue is 3^ feet wide, with a depth 
under the boiler averaging 2 feet, making a sectional area of 7 square feet, 
or fully one-fifth of the grate-^rea. The side flues are 4 feet J inches high, 
and are 6 inches wide at the upper part, widening towards the lower part 
They have a united area of 12^ square feet, or about two-fifths of the area 
of grate. A brick chimney adapted for the service of si.x boilers is, say, 
1 1 feet in diameter at the bottom and 6j4 feet at the top; and is 150 feet 
high. The sectional area at the bottom is 95 square feet, and at tlM top it 
is 33 square feet These quantities compared with the total grate-area for 
six boilers, (33x6=) 198 square feet are respecttvdy about one-half and 
one-sixth of the total area of grat& 
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The foregoing proportions may be tabulated Uius: — 



Table No. 152.— Lancashire Boilers:— Sectional Areas of Flueway. 
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The flooring or hearth-plates at the front of the boiler, covering the 

hearth-pit, are set so as not to butt against the boiler, but so as to be 
entirely below it, leaving the whole of the front cnd-platc open to view. 
They are carried on framing, and can be easily lifted. The hearth-pit is 
about 3 feet wide and zyi feet deep, and it extends from side to ade of 
the boiler-house^ In it is laid Hie main feed-pip^ as wdl as the discharge 
pipe from the blow-out and the scum tap. The flue-doors open into this 
hearth-pit. The face of the brickwork at the front of the boilers is set back 
about 6 inches from the end of the boiler: otherwise stated, the front of 
the boiler is 6 inches in advance of the brickwork, leaving the angle-iron 
junction of the end-plate with the shell perfectly open. The bridewoik 
beneath the boiler at the front is recessed so as to dear the blow-oflf elbow- 
pipe. The tap and pipe are thus free to move should settlement of tiie 
boiler take place. 

The boiler is covered with an arch of brickwork, leaving a space of 
about 2 inches between it and the shell, which is filled with cork shavings 
or a coating of a non-conductor composition. Round the fittii^ a dear 
space is mahntained, leaving the rivets of tiie junctions exposed. Sometimes 
only a coating of composition is applied. 

The steam generated in two or more boilers is usually collected in a 
main pipe laid transversely to the boilers. Here, as elsewhere about a 
boiler, rigidity of connection is to be avoided. The connection of the 
boiler with tiie main steam-pipe is, {ot this reason, made by means of a 
"radial pipe^" or a "springhig lengtii" of pipe between the stop-valve or 
nozzle and the main steam-pipe. As shown in fig. 280. page 703, it is a 
6-inch pipe of cast iron, 5 feet or 6 feet long. ^Ir. Daniel Adamson makes 
the pipe of wrought iron for the higher pressures. A main pipe, serving 
two boilers, would be 8 inches in diameter. For a range of, say, six boilers, 
a 12-inch main is provided. 

If die mam pipe were bolted direct to the stop-valv^ the joints would 
be strained by the rising and falling of the boilers when steam is got up 
in them, or when they laid off. W hen the main pipe is of considerable 
length between the boilers and the engine, it should not be taken in a 
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direct lin^ but should follow a course with one or two bends, to give 
elasticity for the incidental alternating movements by expansion and con- 
traction. Long lengths of pipe have been, in some cases, divided by 
expansion-diaphragms, which consist of two circular discs or sheets of 
wrought iron, riveted together with a distance ring between them at the 
periphery, and connected to the pipe at the centre, one disc to each pipe- 
end. The discs are cut out to form a central opening of tiie diameter of 
the pipes» aff<Mnding an uninterrupted thoroughfare for tiie steam, which, at 
the same time, has access to and fills the interior of the diaphragm. It is 
obvious that a longitudinal bulg;ing action is set up, counteracting^ the 
expansion and thrust of the pipes; and Mr. Fletcher mentions a case in 
which the main junction-valve was broken off by the thrust occasioned 
by the bulging of the expansion-diaphragm. 

The connecting length of pipe between the stop-valve and the main 
pipe is connected horizontally to the main pipe at the side, as shown in 
fig. 280, page 703. Such connections are sometimes made to incline 
upwards, so that the water may drain back to the boilers. This plan is 
objectionable; as condensed steam is accumulated in the pipe when the 
boiler is laid off, and interferes with the steam from the boiler when set to 
work again. The water is liable to be carried forward by the ru^ of steam, 
giving rise to water-hammer, and tending to burst the pipes. Mr. Fletcher 
mentions an instance in which the steam stop-valve was fractured by the 
reaction resulting from the condensation of steam and the formation of a 
vacuum in the steam-pipe which followed on shutting off the steam shortly 
after it had been turned on, and had b^n to force its way through a body 
of water in die pipe The steam-pipe should be Idd to drain towards the 
engine, the water being intercepted by a trap or a separator. 

The weight of a Lancashire boiler such as that which has been described, 
7 feet in diameter and 27 feet long, made of 7/16- inch plates, is about 
12 tons without httings; fittings weigh 3^ tons, and make a total of 
15^ tons— something over half a ton per lineal foot The cost is about 
£42$, being at the rate of about ;f 27, 8s. per ton, or £16 per lineal foot 

The heating surface c£ diia boiler is as f6Ilows>— 

• Stivan feet 



Shell 370 

FonMce^ubes, witliODt water-pipes 450 

Water-fMpes 30 

Total heating surlkce 850 



The total area of the fire-grates, each 6 feet long and 2 feet 9 inches wide, 
is 33 square feet. The ratio of grate-area to heating surface is as i to 26. 

In feed -water heaters, from sixty to sixty-four pipes of the Green 
Economizer dass^ are frequently introduced per boiler, eadi having 10 square 
feet of heating surface^ measured externally, makfaig a total surface of 
600 square feet which is nearly three-fourths of that in the boiler. But a 
much less number is frequently met with. Mr. Adamson places only 
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forty-three pipes per boiler for the half-dozen boilers shown in Plate II. 
But, of course, if boilers out of action be excluded, &e number of pipes per 

boiler would he greater. 

The quantity of coal that may be consumed in this boiler without 
distressing it, is from 15 tons to 20 tons per week of 60 working hours, 
or from 5 cwt to 6}i cwt per hour, or 17 lbs. to 23 lbs. per square foot of 
fire-grate per hour. 

Chapter X.— LANCASHIRE STEAM BOILERS {continued). 

» 

LANCASHIRE STEAM BOILERS BY DANIEL ADAMSON & Ca 

A range of six Lancashire boilers, as constructed by Messrs. Daniel 
Adamson & Co., Dukinfield, is represented in fig. 280 and in Plate II., with 
brick setting, flues, and economizer. The mountings comprise the following 
items: — 

Dead-weight aafe^-valves; high-steam and low-water safety-valve; steam-nozile; 
anti-priming pipe; round manhole; oval manhole; < hci k feed-valve; perforated 
feed-pipe; brass scum tap; scum troughs; brass blow-off lap; brass water-gaugesj 
brass water-level pointer; steam indicator; wrought-inD fire-fronts; fire-grate; tlue- 
doors; floor-j^tes; drcutating tubes; slide dampers; swird dampers. 

The course of the draught is shown by the arrows. The burnt gases, 
after having passed through the fumaoe-tube^ descend and return under 
die bottom of the boilers to the front, where they divkle and repass along 
die side flues to the back. The boilers are 30 feet in length and 7 feet in 

diameter, each having two flues 2 feet g inches in diameter. Each flue is 
crossed by five circulating water-pipes, conically formed, being wider at 
the upper end than at the lower end. The shell and the furnace-tubes are 
constructed of ten rings of plates about 3 feet wide between die centre- 
lines of the rivet-holes. The boiler is constructed either of iron or of steel, 
of the best material: the iron plates used havil^ a tensile resistance of 
from 24 tons to 25 tons, elongating from 10 per cent to 15 per cent before 
fracture; and the steel plates, a tensile resistance of from 27 tons to 32 tons, 
with an elongation of about 30 per cent. Great numbers of boilers have 
been and are now made of steel by Messrs. Adamson & Ca, dating from 
the year 1858, and having worked and being still at work quite satisfactorily. 
For pressures of 70 lbs. per square inch and upwards, they seldom make any 
but steel-shell boilers. The plates are planed at the edges, and the rivet- 
holes for the joints are drilled through the two plates together, after the 
plates have been exactly formed for the positions they arc to occupy. Thus 
sound mechanical work Is ensured, — ^die holes perfectly matched, the plates 
perfectly fitted, and distressing of plates and indirectness of rivets obviated. 
The furnace-tubes are soUd-wclded into rings at the loi^tudinal seams, 
and the water-pipes arc welded solid into the flue-rings. The circular 
joints are put together with Mr. Adamson's anti-coUapsive flange-scam, 
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which has already been described, fig. 266, page 689. 'The flanges formed 
on the rings are turned at the edges, fiy this system of construction, neither 




rivets nor laps or double thicknesses of plate, are directly exposed to tlie 
action of the fire. 

The boilers shown here and in Plate IL are constructed for a daily work- 
ing pressure of 8c> lbs. per square inch. For a boiler of steel, H-inch plates 
are used; of iron, J^-inch plates. The longitudinal seams of the shell are 
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double-riveted; the circular seams are single-riveted* But for pressures 

higher than 80 lbs. per square inch, the circular seams are double-riveted ; 
and for the hi^^hest pressures, the seams of the shell are butt-jointed, with 
four rows of rivets. 

The fire-grates arc each 6 feet in length, and are laid in three lengths 
of bars, whidh are of cast iron, 2 feet each, makii^ a total area of 33 square 
feet of fire-grate for each bdler. The bridge is of fire-lumps laid on a 
cast-iron seating fixed in the flue The top of the bridge is about 12 inches 
below the crown of the furnace, against i.} inches in the typical boiler 
already described. The system of flues and the course of the draught, are 
the same as already described for the typical boiler. But the side flues are 
12 indies wide at the upper part, against 6 inches in the typical bdler; 
whilst the bottom flue is 3 feet deep against 2 feet The back flue; or col- 
lecting flue, at the back of the range of boilers, into which the side flues 
of the boilers discharge their currents, is 5 feet wide, and about f)]^ feet 
high ; and it discharges into the main flue to the chimney, of the same 
dimensions. It is backed by an alternative flue, containing a Green's 
economizer, made 6 feet in width, and 1 1 ^ feet high, to give room for the 
economizer. When the economizer is not in action, the damper opening to 
it is closed, and the draught is conducted direct from the back flue into the 
main flue to the chimney. When the economizer is in action, the back flue 
is shut ofT by a damper from the main flue, and the draught is turned into 
the economizer flue. With such roomy flues, the force of draught from the 
several boilers in the range is nearly uniform. The chimney designed for 
these six boilers is 11 feet in diameter at the base, 6yi feet at the top, and . 
150 feet high. 

The economizer pipes, 256 in number, are 9 feet long. They present 
an area of 2764 square feet of heating surface calculated externally, or 
461 square feet per boiler. 

The heating surface of each boiler is 836 square feet. 

The nominal power of each bcnler is ^d to be 60 horse-power. This 
nominal value is calculated from the combined horizontal area of the shell 
and the two flues in square feet, dividing it <^ — allowing about 6 square 
feet of horizontal area per nominal horse-power. In this instance, the sum 
of the diameters of the shell and the flues is (7 -f- (2-^4 x 2) = ) 121^^ feet, and 
(123^x30 = ) 375 square feet is the combined horizontal area. Then 
(375 -r6 = ) 62 yz, the nominal horse-power precisely. The grate-area 
33 square feet, is at the rate of a little more than hdf a square foot per 
nominal horse-power; and the heating surface, 856 square feet; is a little 
over 14 square feet per nominal horse-power. 

The fuel consumed is from 14 lbs. to 17 lbs. per square foot of fire-grate 
per hour, or from 4 cwts. to 5 cwts. total per hour. 

The weight of each boiler, in steel, with mountings complete, is from 
16 tons to 17 tons. The price is about ;^39G^ or firom ;^23 to £24 per ton. 
The usual cost of setting a single boiler is about £70. A number of 
boilers are set at a less rate per boiler. 
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livet's system of boiler setting. 



The system of boiler setting introduced by Mr. Fountain Livet, has 
already been described and illustrated at page 140, as applied to a single 
steam bcMler at the works of Messrs. Clay & Sons, London. As applied 

to a range of Lancashire boilers at the Thames Sugar Refinery, Silver- 
town, belonging to Messrs. Henry Tate & Sons, results of its perform- 
ance have been given, page 198. The boilers, four in number, are of the 
largest size, being jy^ feet in diameter, and 34 feet in length. The flues 
from the boilers are entirely independent of each other, and are joined 
separately to the chimn^. The diimney 60 feet high above the ground- 
level, and is itself divided vertically into four compartments, one of which 
is devoted to each boiler. By this arrangement the flueway and draught 
for each boiler arc entirely separated from those of its neighbours, from 
tlie furnace to the top of the chimney; and tlie chances of counteraction 
are avoided. The chimney is parallel-sided externally, whilst tlie internal 
vents are wider at die top than at the bottom, foUowii^ out Mr. Livef s 
principle of progressive enlargement of flueway from the fireplace to tiie 
top of the diimnqr. 



Chapter XI.— THE GALLOWAY STEAM BOILER. 

The Galloway boiler, Plate III., manufactured by Messrs. Galloways, 
Manchester, resembles the double-flue Lancashire boiler externally, with 
two furnace tubes ; but, internally, it is distinguished by the wide seg- 
mental, kidney -shaped flue-tube, into which the furnace-tubes are mei^ed, 
and whidi reaches from the pdnt of junction of the tubes to tiie far end 
ci the boiler, and is travetsed by dosdy set water-tubes or pipe& The 



boiler is made of Snedshill iron plates, the ultimate tensile strength of 
which is from 19 tons to 22 tons per square inch, longitudinally, or with 
the fibre; and from 18 tons to 21 tons per square inch, transversely. The 
shell is 24 feet long, and y feet in diameter, made of ei^t rings of plates^ 
7/16 inch thick, in 3-feet lengthi^ between tiie centre-lines of the rivet-seams. 




Figs. 381. — RiYclcd Sc,-«ro5 of the Galloway Huilcr. 



Vou I, 
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The longitudinal seams are double-riveted, or chain-riveted, breaking joint, 
and the transverse seams are single-riveted as in figs. 281. For the single- 
riveting, the lap is 2^ inches, and the rivets are ^ iaxii at a pitch of 

2 inches. For chain -riveting, the lap is 4*4 inches, and the pitch is 
inches. The edges of all the plates are planed and fullered, not 
caulked. The rivet- holes are drilled after the plates are put together. 
The ends of the boiler are eadi in one plate. inch thick, turned at the 
edge, and attached to the shell at the front by means of a solid welded 
ring of angle-iron 3 inches by inch in average thickness, applied on the 
outside nf the shell At the back, the end-plate is flanged to form the 
joint with the shell. 

The two furnace-tubes are 2 feet g}4 inches in diameter, and about 
7 feet in length. They are made of two welded rings of fb-inch plate, 
united by Adamson flange-joints. The joint flue^ or kidney-shaped flue, 
into which the burnt gases are delivered, is segmental in section, in the 
sense that the top and the bottom are both curved, respectively con\'cx and 
concave, being concentric, or parts of circles struck from a centre below the 
boiler. Hy the concavity of the bottom of the flue, a large internal space 
is provided within the boiler at the bottom, by which inspection, cleansing, 
and repair are facilitated. The flue, matching the furnace-tubes, is 2 feet 
indies high, and 5 feet 9 Inches wide. It is traversed and supported 
by twenty-eight conical water-tubes or pipes, known as Galloway tubes, 
S}2 inches in diameter inside at the bottom, and ioj< inches at the top. 
These tubes arc identical in form and interchangeable; they are simple and 
synmietrical, with square flanges, and are made by means of machinery. In 
practice, it is maintained, it never becomes necessary to remove or renew 
one of these tubes, as. If kept dean, they last as long as the other parts of 
the boiler; yet they are joined to the tube with flanges and rivet-joints, 
which, of course, arc exposed to the action of the fire. The conical pipes 
are closely placed in the oval flue: — in this 24-fect shell there are i i trans- 
verse rows, in which there are three pipes and two pipes alternately, at a 
pitch of 19 inches between the rows. Hie burnt gases as they advance are 
thereby dioroughly broken up and mixed, and are caused to part with thdr 
heat to the water-pipes, as well as to the flue. The circulation of water and 
steam is thoroughly accomplished. Pockets are formed in the segmental 
flue, — near the beginning and at the middle, — resembling Pctric's pockets, 
fig. 274, the design of which is to deflect the lateral streams of gases 
towards the middle of the flue. The flue is reduced at the back end, by an 
indentation at eadi side^ similar to the pockets, with the spedal object of 
providing elastidfy in ^e back end-plate for the expansion and contraction 
of the flue when at work; serving also the purpose of checking undue 
escape of the burnt gases. Elasticity is further secured by the form of the 
angle-irons joining the ends of the furnace-tubes and the kidncy-tube to the 
shell. These are of uniform thickness at the angle and tlie webs, — 
resembling in section a piece of plate bent to a rig^t angles and curved at 
the angle. 
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The ends of the boiler are stayed to the shell by five gusset-plates, with 
double angle-irons, at each end, the central gusset being riveted to the 
second ring of plates from each end; and the others to the first rings of 

plates. They are, as shown in figs. 4 and 5, Plate III., trimmed so as to 
clear the flues, with an interspace of S}2 inches or 9 inches between the 
rivets of the ijussets and the flues in tlie end-plates. At the sides of the 
furnace-tubes, it is true, where they approach nearest to the shcU-plates, 
there are only 4^^ indies (tf into^mce between the rivets. This limited 
allowance is complemented by the wider inter^pac^9>if indies, in the back 
end-plate provided by the pocketing of the kidney-flue, already noticed. 
Such special provision for expansion has been proved to be beneficial in 
preventing the grooving of the end-plates. It is the more necessary, since 
the transverse seams of the kidney-flue arc simple lap-joints. 

The boiler is tested by a hydrauUc pressure of 100 lbs. per square inch. 
The fire-grates are 5^ feet long, made up of three lengths of cast-iron 
fire-bars, supported on the dead-plate and on cast-iron bearers, as in figs. 282, 
and fig. 2, Plate IIL The bridges at the ends of the furnace-tubes are fire- 
lumps, the tops of which are 12 inches below the crowns of the tubes. The 
furnace fronts are of ^^-inch wrought-iron plate, secured to the flue by three 
eye-bolts and nuts, as in figs. 282, and trimmed witli brass beading. The 




F|fk ifc, OtBoHiy Boiler: Furnace Front, f'm-ioot, and Bw Scale i/i6di. 



furnace mouth is of cast iron, with the dead-plate, 8}4 inches deep, bolted 
to the furnace front The doorway is 12}4 inches high and 17 inches wide. 
The space between the furnace mouth and the furnace-tube in which it is 
placed is filled with flre-brick. The fire-door is of cast iron, perforated 
with ventilator openings, controlled by a circular brass grid, for the due 
admission of air as required, or for shutting it off. The door is formed 
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with a hood or baffle-plate at the inner side, by which the air admitted 
through the grid is deflected downwards towards the grate. 

One of Allen's fusible plugs is placed on the top of each furnace. One 
circular manhole moudipiec^ 17 inches in diameter, figs. 285, is fixed on 

the top of the boiler, on the second ring 
of plates from the back end of the boiler. 
The body is constructed of wrought-iron 
plate, }^ inch ^cudc, "weMtd and flanged, 
and double-riveted to the shell-plate. The 
cover is of cast iron, i}i inches thick, 
concave in form, turned to fit the mouth« 





■Cf.'-GaUoMy Bate 
ScdtViMi. 
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Tigi. 385.— Galloway BoOer Shut-off Vtlve and Collecting Steam-pipe Scale t/iolh. 

piece and bolted to it with twelve i-inch bolts and nuts. There is another 
manhole, figs. 284, of smaller dimensions, in the front end-plate, near the 
bottom, serving also the purpose of a mud-hole. It ts oval in form, having 
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an opening 1 5 inches wide and 1 1 Inches deep. It is a cast-iron block, 
placed inside and riveted to the end-plat^ with a cast-iron cover applied 

on the inside, and fastened by two cross-bars and bolts and nuts. A loose 
cover is put on outside, to finish flush with the end-plate of the boiler. 

The steam stop-valve, 6 inches in diameter, and the " anti-priniing" 
collecting pipe, 4 feet long, are shown in figs. 285. There are fifty per- 
ftMrations, 2y^ inches by ^ Inch, hi the pipe. The. steam stop-valve is 
fixed upon the stand-pipe^ into which the steam from the anti-priming^ 
pipe is delivered. 

The blow-off cock and elbow-pipe attached to the bottom of the boiler 
at the fron^ are shown in figs. 286. The cock is 3 inches in diameter. It 




Fv* 9M.— GftUoway Boiler: Bloir-off Cock and nue Fkames aai Doon. Scak 1/48111. 



Is of gun-metal, with a solid or close bottom and a packed gland. By the 
elbow-pipe the cock is joined to the stand-pipe. 

The boilers in a range are supplied from a transverse feed-pipe over- 
head, level with and parallel to the main steam-pipe, from which a vertical 
branch is taken to each boiler, as shown in fig. i, Plate HI. The check 
feed-valvev next the boiler, 2 inches in diameter, figs. 287, is loose from the 
spindle, so as to act as a check or non-return valv^ and to be set down by 
means of a hand-wheel and screw. The feed-pipe is carried within the 
boiler horizontally for a length of 5 feet; to which is connected an addi- 
tional pipe, 6 feet in length, perforated with small holes at the lower side, 
for distributing the feed-water. 

One 4- inch lev«' safety-valve, figs. 288, is fixed on a stand-pipe at the 
fore end of the boiler. The valves shown in section, is hollowed so as to 
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Flfi. ity.— Galloway Roller; Check Fccd-valTC 
•ad Feed-pipe. Scale i/toth. 




F%l. 988.— Galloway Boiler; Safety-valve. Scale i/ioth. 



the valve seat. Tims, 
the valve answers 
nimbly to excess of 
pressure and rises. 
The fulcrum of the 
lever is a knife-edge^ 
3^ inches from the 
centre of the bearintf 
stud, and 37 inches 
from the end of the 
extreme range of 
the lever— making a 
maximum leverage 
of about 10 to I. 

A high-steam and 
low - water safety- 
valve also is sup< 
plied. Glass water- 
gauges, consisting of 
duplicate brass fit- 
tingsand glass tubes, 
fixed with india- 
rubber washers, are 
shown in figs. 289. 
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A 7-inch steam-pressure gauge, with brass fittings, is shown in figs. 29a 
The type of seating for the boiler is shown in figs. 4 and 5, Plate III.; 

similar to what has already 
been described. It is ob- 
servable that a pair of gus- 
sets are placed in the lower 
part of the shell, at the 
front, directly over the 
lumps on which the boiler 
is supported. A single gus- 
set is fixed centrally at 
the back. The side flues 
have a minimum width of 
9 inches at the upper 
part; and the bottom flue 
is 3 feet deep and 3 feet 
3 inches wide. The flue- 
frame, figs. 291, shown also 
in fig& 28^ of cast iron, 
is built into die brickwork 
of the boiler at the ash-pit 
The door is rcadil\' un- 
latched and removed when 

required. The opening is 18 inches high and 12 inches wide. 

The draught, after passing through the flue-tub^ is split and returned 
by the side flues to the front, v*ere it descends and passes by the bottom 
flue to the far end, and thence to the chimney. It is stated that diis 






Figv 390.— Oalloinky Boiler. Suaar 
p wnHMt G— tfc Sole i/iodk. 




Flp. 391.— Calloway BoiJcf: Flue-frame and 
Door. Scale i/iodi. 



system of conducting the burnt gases along the sides first, and afterwards 
along the bottom, is found to answermuch better with the Galloway boilers 
than the reverse order of passage, under the bottom first A cast-inm 
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damper in a cast-iron frame is placed at the outflow from the bottom flue; 
balanced by a counterweight connected with it by a chain supported on 

pulleys overhead, as shown in fig. i, Plate III. 

The radial pipe, or spring steam-pipe, shown in fig. i, Plate III., is 
6 inches in diameter, and 6 feet lo inches in horizontal lengtli. It is turned 
upwards at the end to join the main steam-pipe, which is 9 inches in 
diameter^ to receive tiie steam from four boilers. The shut-ofi* valve^ to 
which the radial pipe is connected, and the perforated collecting steam- 
pipe within the boiler, are shown in section, figs. 285. 

The weight of the boiler, 7 feet in diameter, and 24 feet in length, of 
7/,6-inch plates, with manhole and steam-pipes, is tons. The fittings 
weigh about 2^ tons additional, making the gross weight of 13^ tons, or 
11^/3 cwts. per lineal foot 

The area of each fire-grate is (5.5 X3.8») 154 square feet; making for 
two fireplaces 30.8 square feet. The heating surface is: in the furnaces, 
70 square feet; in the flue and water tubes, 185 square feet; and on the slicll, 
290 square feet; together, 545 square feet, which is 17.7 times the grate-area. 

The price of tlic boiler is jC^SSt about £26 per ton. 

The boiler is of 50 ncnninal hoise-power. The customary allowances 
made by Messrs. Galloway are from ^ square foot to ^ square foot of 
grate-area per nominal horse-power, for larger and smaller boilers respec- 
tively; and 15 square feet of heating surface per nominal horse-power. In 
the example now under consideration, square foot of grate is allowed, 
and II square feet of heating surface per nominal horse- power. The 
economy of fuel effected by the introduction of water-pipes into plain flue- 
tubes, Is estimated at from 10 per cent to 25 per cent 



Chapter XIL— STATIONARY MULTITUBULAR BOILERS. 

The first object in the designing of stationary multitubular boilers is 
to combine maximum evap<»ative power with a minimum of floor space 
or ground space. The small tubes are placed in the line of the return- 
draught, and are known as return-tubes. The flues are thus in a manner 
doubled on themselves; and considerable lei^;th of internal flue is obtained 
on a comparatively short length of boiler. 

I. MULTITUBULAR STEAM BOILER, BY & HODGE & SONS. 

The return tubular boUers of Messrs. S. Hodge & Sons, figs. 292, are 
self-contained, within a cylindrical shell There are two furnace-tubes, 

containing each a fire-grate; the burning gases from which pass into and 
meet in a combustion-chamber at the back, Mhcre they rise and pass into 
a group of return-tubes at the left-hand side of the boiler, through which 
they return to the front, and are delivered into a smoke-box over the 
furnace front From this they repass throi^ a group of flue-tubes at the 
right hand to the back end of the boiler, whence they escape into the flue 
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three times — once through the furnace-tubes^ and twice through small 
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tubes, all within the shell, and free from brickwork setting. A cylindrical 
steam-chest or reservoir is attached to the top of the boiler. It is essential 

that there should be a steam-chest to supplement the steam-space in the 
shell. The whole of the boiler is of iron, excepting the internal tube-plates 
and the furnace-tubes, which are of Siemens steel. 

The nominal horse-power of the boiler is reckoned on the following 
bases: — One cubic foot of water evaporated per hour, is one measure of a 
nominal horse-power; H square foot of grate-area per horse-power, or 
17 square feet of heating surface per horse-power. 

The boiler which forms the subject of the illustration, is of 60 nominal 
horse-power. The shell is 8 feet 73^ inches in diameter, and 14 feet ^2 inch 
long, — in four rings of plates 9/,6 inch thick, single-riveted at the circular 
seams» and double-riveted longitudinally. The end-plates are ^ inch 
thick and are flanged to join the casings and also the front ends of the 
furnace-tubes. They are stayed by four gussets of j^-inch plate at the 
upper part at each end, riveted in with a pair of 3-inch angle-irons; and by 
two gussets at the front end, in the spaces between the furnace-tubes and 
the flue-tubes. The shell-plates are single-riveted with ^-inch rivets in 
*s/,6-inch holes, at 2)^ inches of pitch, with 2^ inches of tap; and they are 
double-riveted with a longitudinal pitch of 3 inches, and 2 Indies of ^adi^ 
between the two rows of rivets, which are placed zigzag, with indies of 
lap. The rivet-holes are punched ; and the riveting is by machine. 

The furnace-tubes are 2 feet 8 inches in diameter internally, and 1 1 feet 
in length, measured to the front, in three rings of ft-inch plates, united by 
flange-joints. The back ring is traversed by a vertical conical water-pipe, 
$}4 indies In diameter at the lower end, and 11 inches at die upper end, 
riveted to the tube. The front end-plate of the shell is flanged inwards to take 
the tube; whilst, at the back, the tube itself is flanged to take the tube-plate 
of the combustion-chamber, lapping behind it, and acting as a stay for it. 

The combustion-chamber is made of 7/16-inch plates, except the tube- 
plate, which is }4 inch thick. It is 2^ feet long internally. The smoke- 
box, at the front. Is of 7/i6-inch plate, with a f^-tndi tube-plate. It is 
20^ indies long. 

The first group of flue^ubes, 26 in number, are 55^ inches in diameter 
extcrnall)', No. 8 wire-gauge, or barely 3/,6 inch, thick; and 9 feet 4 inches 
in length, measured to the outside of the tube-plates. They are pitched at 
6^ inches between centres. The second group of tubes, also 26 in number, 
are inch less in diameter than the first, or 4/^ inches, as, the gases being 
cooler in the second groups it is thought tiiat they require less space. The 
tubes are 1 2 feet 4 inches long; extending to the back end-plate of the shell ; 
pitched at 6 inches between centres. Clear interspaces of i}i inches are left 
between the tubes. In each group, four of the tubes are fixed as stay-tubes, 
being screwed into the tube-plates, for which purpose one end of each tube is 
enlarged to a thickness of s/x6 inch, so that the smaller end may be passed 
through the latger opening. The other tubes are fixed into the tube-plates 
by expanders, by whtdi they take the Indented form shown in iig. 393. 
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Fig J9J. — Hodge'* Boiler: Fasten- 
ing of Flne4ube» by Kx pander. 
DeprcMion caused by RoUeis. 
Scale i/sth. 



The oombustion<hainber and the smoke-box are stayed to tiie shell of 
the boiler, and form wiUi it water-spaces 3 inches wide, about tiie combus- 
tion-chamber, and about 5 inches wide at the back of it. At the smoke- 
box, the side water-spaces are 4 inches wide. The stay-bolts are pitched at 

9 inches apart at the combustion-chamber, and 

10 inches at the smoke-box. The other portions 
of these chambers are partially formed circularly 
for the resistance of pressure, and the flat por- 
tions are stayed with cross-bars externally. 

The steam-chest or drum, on the top of the 
boiler, is 3 feet 3 inches in diameter, and 8 feet 
long, externally; of f^-inch plates, and 7/i6-inch 
plates for the ends. The ends are dished, with a 
rise of i}4 inches; and are flanged to and riveted 
to the case, b>' single-riveting, for which 34-inch 
rivets in '3 j^-inch holes, at 2 inches of pitch, 
with 2}{, inches of lap, are employed. The case 
is formed of one plate bent and double-riveted, 
with a 2^-inch pitch longitudinally, 2 inches 
of spacing, and 4% inches of lap. The steam- 
chest is connected to die shell of the boiler by 
two neckings of cast irrni, 6 inches in diameter 

internally. 

1 he water-level is 4 inches above the crown of the smoke-box; there 
are about 370 cubic feet of water-room, and 200 cubic feet of steam-room. 

There are five manholes in the boiler:— one, 12 inches by 16 Indies* at 
the upper part of the shell, one; of the same 
sizes, in the top of the steam-chamber, and 
one, of the same sizes, at the lower part of the 
front end-plate. There are two smaller man- 
holes in the front plate, inches by 1 1 inches, 
to the right and the left, passable by a small 
boy. 

The furnaces are made with the usual 
cast-iron front, door, and dead-plate ; shown in 
fijjs. 292: with cast-iron fire-bars, Ji inch thick, 
and 48 inch apart; in two lengths, making each 
grate 4 feet 6 inches long. The bars are 
notched upon a central bearer, the other ends 
of the bars being free to slide on inclined bear- 
ing surfaces^ as they expand and contract. 
The}' have a fall towards the bridge of 2]^ 
inches in the whole lcn<^th. Kach fire-door 
is formed with a slide, which is opened for the admission of air above the 
fire^ by a self-acting lever, which is in one piece with the latch, and is moved 
lateially when tiie latch Is raised for opening the door. The slide is closed 
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Fig. 994.- 



-Hodge's Boiler: Feed Check. 
Scale 
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by hand when required. The bridge is of brickwork on a cast-iron seat 
The top of the bridge is ii inches below die crown of the furnace- 
tube. 

The other fittint^s comprise dead-platcs, steam stop-valvc, two safety- 
valves, feed check-v.ilvc, blow-off cock, water-gauge and gauge-cocks, pres- 
sure-gauge, safety-plugs, and cradles. 

Detail illustrations of the mounting are shown fay figs. 294 to 299^ The 
feed check-valve, fig. 294* 2 inches in diameter, rises and falls in a brass 





Fig. agd.— Hodge'a Boiler: Steam 
Soki/ttth. 



seat fixed in the delivery-pipe, bolted to die front of the boiler at the right- 
hand side The lift is inch, adjusted fay means of a screw and hand 
wheel. The water is ddivered direct into the boiler, without any means 
of dispersion. The water-gauge, figs. 295, is provided with a glass tube to 

show the level of the water in the boiler, 
with the needful taps and cleaning plugs, 
and with two ^-inch gauge-cocks witli 
cleaning plugs. A 4-inch steam stop-valve, 
fig. 296^ with a 4-indi steam-pipe^ is fixed 
to the steam-chest at one end. It is of 
cast iron, inch in thickness. Two lever 
safety-valves, 3 inches in dia- 
meter, fig. 297, are planted on 
die steaun-pipe, between the 
steam-chest and the steam 
stop-valve: The blow-off 
cock, with a 2-inch water- 
way, fig. 298, is fixed to the 
bottom of the boiler, at the 
Iront Two of Bailey's safety fusible plugs, fig. 299, are screwed into the 
crown plates of the combustion-chamber and smoke>box. A plate of fusible 
metal is placed on the top of the brass seat; and secured to it by a union 





F|g. a^gr.— Hodge's Boiler: Sait*y-nlm. 
Scali«/nth. 



Fif. 998.— Hodgt^B 
BoUer: Blo«r-aff 
Ggdt Sate Vis. 
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screw. The o{»eiiing in tiie seat covered by the metal is i indi in diameter, 
and die plug is 2jf^ inches hi^ above the plate; 

The boiler is supported on three cast-iron brackets, whidi rest on the 

foundation, which is of brick or of con- 
crete. The brackets are 4)^ feet wide, 
and 6 inches long. The boiler is laid 
about }4 inch off the levd, die front end 
being the lower, in order diat the 
whole of the water may be blown off, 
when required. The shell and receiver 
are coated with non-conducting com- 
position ; or, instead of this, the boiler 
is inclosed in brickwork, as in an oven, 
as partly shown in fig. 293. 

The area of combined grate^ace „,.^_„«,,e ,Boii;r: r««b.,piug. s«uej<. 
i^ say, 25 square feet The heating- 
surface is 1050 square fee^ and is 42 times the combined area of the fire- 

gratesL The area over eadi bridge is 1.36 square feet; or ^ part of die 

grate-area. The flueway dirot^h the flue-tubes ia^ for the first groups 
3.20 square fee^ or ^tfa of the grate-area; and dirough the second groups 

2.87 square feet, or of the grate-area. 

5.7 

The fire-brick flue constructed at the back of the boiler is 3 feet wide 
and 2 feet 8 inches deep at the boiler, and thence is reduced in width to 

I foot 6 inches, having a sectional area of 4 square feet, or ^~ part of the 

grate-area. By soot doorways in the brick flue, access is had to the ends 
of the fiue-tubes for inspection and repair. The chimney should be 70 feet 
in height above the level of the fire-grates, and 2^ feet in diameter at the 
top, having a sectional area of about 5 square feet, or Vsth of the area of 
fire-grate. The boiler weighs^ widiout fittings, 13 tons, and with fittings 
14 tons. The working pressure of steam is 60 lbs. per square inch. 

After an experience of upwards of 1 2 years, of the class of txMler here 
exemplified, internal grooving, it is stated, has not yet appeared. 

A 60-horse-power boiler, with a good draught, consumes Welsh coal 
economically, it is stated, at rates up to 20 pounds per square foot of grate 
per hour, or totally (25X20») 500 pounds per hour; evaporating from 
9 pounds to 12}6 pounds of water from the temperature 120* F. per pound 
of coal, or from 70 to 100 cubic feet per hour. 

II. FLANGED-FLUED MULTITUBULAR BOILER, BY HAWKESLEY, 

WILD & ca 

The multitubular boiler of Messrs. Hawkesley, Wild & Co., figs. 300,is» 
like Messrs. Hodge's boiler, self-contained; but it differs in many respects. 
Within a ^Undrical shell, a single furnace-tube is placed, and is flanked by 



Digitized by Google 



THE CONSTRUCTION OF STEAM BOILERS. 




STATIONARY MULTITUBULAR STEAM BOILERS. 



719 



return flue-tubes on each side. A steam-recdver is fixed on the top. The 
draught, after passing through the furnace-tube; is received in a chamber of 

fire-brick at the back, from which it returns by a split action through the 
tubes at both sides toi^cthcr, and reunites in a smoke-box at the front, above 
tlic fire-door, whence it passes upwards, by an outflow 2 feet in diameter, 
into the chimney. The unit of nominal horse-power is tlie evaporation of 
I cubic foot of water per hour. 

The illustrations, figs. $00, represent a Ixuler of 30 nominal horse^power, 
fitted with the Helix Furnace-feeder. The plates are entirely of steel. 
The shell is of plates '3/32 inch thick (H inch-f-'/ja inch); except the end- 
plates, which arc y2 inch thick; 5 feet 9 inches in diameter outside, and 
9 feet in length; stayed with two gussets at each end, at the upper part 
The transverse seams are single-riveted, and the longitudinal seams are 
double-riveted. There is a manhole on the top of the shell, 1 1 inches by 
15 inches. The border of the hole is strengthened by a ring of metal 
riveted to it. There are two mud-holes and doors, 5 inches by 3 inches, in 
the front end-plate. The steam-receiver is 3 feet in diameter, and feet 
long, of 5/,6-inch plates for the barrel, and one end is dished, with a rise of 
3 inches. The other end is flat, and is formed to receive a manhole frame 
and door. The receiver is joined to the boiler-shell by 4>inch wrought- 
iron neckings. 

The furnace-tube is constructed of steel plates "/3a inch (3^ inch less 
»/33 inch) thick, on the flange-flue system already described, pa<^e 6S9, con- 
sistiniT of four rincjs, in 2-feet lengths, except the front rincj, which is longer, 
alternately of larger and smaller diameters: — in the present instance, 3 feet 
and 2 feet 8 inches, shovring a flanging of 2 inches at each side. The return- 
tubes, 18 at each side^ or 36 at both sides, traverse the shell from front to 
back. They are 3^ inches in diameter outside; placed at a pitch of 
4>4^ inches between centres, and showing a clearance space of i>^ inches 
between the tubes. 

The working pressure is 80 lbs. per square inch. 
To evaporate 30 cubic feet of water per hour, corre- 
sponding to 30 nominal horse-power, die use of the 
steam-jet in the chimney is required. 

The fire-grate is 5 ^ feet in length, with a fire- 
brick bridge ; it has an area of 1 5 square feet. The 
total heating surface of the boiler amounts to 375 
square feet, or 25 times the grate-area. The upper 
surface of the bridge is ii inches below the crown 
of the furnace, forming a sectional area of way over 
thebric^, of 2.10 square feet, or V7th of the area of pip r i -ii.i«k. s v. i & 
fire-grate. The flucway through the flue-tubes is, ^i^,^^'^^ 
for both sides together. 2.0S square feet, or '/7th of 

the grate-area. The upward flue or chimney exit, has a sectional area 
of 2.10 square feet, or of the area of fire-grate; being the same as the 
area of way over die bridge and throu^^ the tubes. 
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The boiler is supported on two plate-brackets fastened to sleepers. 

A 3-inch steam stop-valve is fixed on the top of the steam-reservoir; 

also a 2j:(-inch direct-load safety-valve, fig. 301. A perforated collecting" 
pipe, 4 inches in diameter and 3 l{ feet long, of cast iron, is slunc^ from the 
top of the steam-reservoir, provided with two outlets, one to the steam stop- 




valve^ and the otlier to the safety-^ve A a-indi blow-off is fixed to 
the bottom of the boiler at the front 

The furnace is fitted with Holroyd-Smith's Helix Furnace-feeder, or 
mechanical stoker. This apparatus, in its original form, has already been 
described, page 338. In the present instance, the hopper is placed at the 
right-hand side of the smoke-box, the slack descending into a trough laid 
transversely across the front of the boiler, just below the level of the dead<- 
plate. In this trough it is moved across the furnace mouth by a feeding 
screw at the bottom of the hopper, $}(. inches in diameter. Thence it is 
fed into the furnace by two longitudinal screws in two troughs, below the 
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level of the fire-grate, where it is at the same time lifted by the action of the 
screws and deposited on the grate to the right and tibe left The kmgitudinal 
screws are double-threaded, 5 inches in diameter at the front, tapering to 
2 mches in diameter at the far ends. The pitch of the threads at the 




commencement is 8 inches^ and is gradually reduced to 6 inches at the far 

end. The screws are moved by worms on a transverse shaft, turned by rachet- 

wheel and pawl movement, and make from 2 to 3 revohitions per minute. 

The total weight of the boiler, including all mountings, except the 

furnace-feeder, is 5 tons 14 cwts. The net we^t of the boiler and chimney 

alone is about 5 tona 

Toll «6 
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III. MULTITUBULAR BOILER, BV JOHN BELLAMY. 

The type of boiler manufactured by Mr. John Bellamy, figs. 302 and 303, 
though constructed as a self-contained boiler, is set in brickwork, and is 
surrounded by external supplementary Hues. The shell is cylindrical, sur- 
mounted by a steam drum or chcs^ with a single internal furnace-tube, from 
which a multitubular flue extends to the back end of the boiler. The draught 
is split at the back and returns through a number of small flue-tubes, at 
each side of the furnace-tube, to the front into a smoke-box of iron plate, 
whence it descends and is conducted under the boiler to the chimney-flue 
at the back. In this way, the boiler is traversed tliree times by the current 
of burnt gases before leaving for the chimney. For one nominal horse- 
power, 18 square feet of heating surface within the boiler is allowed, not 
reckoning the external heated surface of the shell, which is additional 
Half a square foot of fire-grate area is allowed for one nominal horse- 
power. A maximum evaporation of 5 pounds of water per square foot of 
heating surface per hour is estimated. For econcunical work, only 4 pounds 
per hour is estimated, when an evaporation of 10 pounds per pound of coal 
is assumed. From tiiese quantities, it follows that (18x5 = ) 90 pounds 
maximum, or, for economical evapcMration, (i8X4«) 72 pounds, or a little 
over I cubic foot, of water is evaporated per horse-power per hour. Per 
square foot of grate, (72x2 = ) 144 pounds, or 2.31 cubic feet, of water 
are economically evaporated per hour; and (144-1-10 = ) 14^2 pounds of 
coal are consumed per square foot of grate per hour. It is stated that the 
temperature of the burnt gases in the front smoke-box seldom exceeds 
400' F, 

Particulars of dimensions and heating surfaces of boilers of various powers 
are given in the annexed tablet: — 



Nominal horse- 
power 



Length ... 
Diameter.. 



Internal heating ) 
sux&q^ / 



4 


6 


8 


10 


12 


14 


16 


20 


25 


30 


35 


40 


ft. in. 


ft. in. 


ft. in. 


ft. in. 


ft. in 


ft in 


ft. in. 


ft. in. 


ft. in. 


ft. in. 


ft in 


ft. in 


5 3 


6 3 


6 7 


7 2 


7 ^ 


7 9 


8 2 


8 9 


9 6 


9 8 


121 


12 9 


3 3 


3 9 


4 0 


4 4 


4 8 


S I 


5 4 


5 10 


6 0 


7 0 


7 3 


7 6 


sq. ft. 


sq. ft. 


sq. It 


«i.*k. 


«q. ft. 


sq. ft. 


sq. ft. 


sq. ft. 


sq, ft. 


sq. ft. 


sq. ft. 


*q. ft. 


7a 


•108 


I4S 


180 


216 


252 


288 


361 


449 


540 


637 


737 



The boiler selected for illustration is one of 40 nominal horse-power. 
The shell of the boiler is 7}4 feet in diameter, and 12 feet 9 inches 

long, of 9',6-inch iron plates, except the ends, which are each in one plate 
'16 inch thick. The ends are riveted to the shell by 3-incli angle-iron 
welded rings extcrnalK- to the shell; and ihc)- arc staxcd to the body by- 
four gussets of ; tt-inch plate at each end, riveted witli pairs of 3-inch angle- 
irons. There are, in addition, below the furnace-tub^ two through stay- 
bolts» inches in diameter, fastened with double nuts and washers at 
each end The longitudinal joints in the shdl are double-riveted; tlie 
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transverse seams are single-riveted. Tlie boiler is constructed for a work- 
ing pressure of 80 lbs. per square inch, and is terted by hydraulic power to 
a pressure of 120 lbs. per square inch. 

The steam is taken into a perforated pipe previously to its rising into 
the drum. The pipe is 8 inches in diameter, and 3^ feet in length, 
numerously perforated with |i<-incli holes. It is fitted with a trap-pipe 
which descends below the water-level, through which any water that may 
be drawn into the pipe by the steam falls back into the boiler. The steam 
stop-valve is fixed to one end of the drum. 

A manhole piece is formed out of a f^-inch plat^ to a diametef of 
12 inches, with a dished wrouc^ht-iron cover, I inch thick, secured with 
twelve I -inch holding-down studs and nuts. 

The steam-drum is of fi-inch plate, 21 inches in diameter, and feet 
long, with dished ends, having a rise of 2)4 inches. It is joined to the 
boiler-shell with a wrought-tron wdded neck 12 inches in diameter, riveted 
to the boiler. But the opening through tiie shell is only 6^ indies in 
diameter. 

The furnace-tube is of Fox's corrugated plate, 3 feet 10 inches in 
medium diameter, 9 feet 2 inches long, of 5a-inch mild steel plate, except 
the tube-plate, which is 9/16 inch thick. The tube-plate is flanged to join 
die tub^ and die tube is joined to Hut front plate d the shell wtdi a 3-inch 
angle-iron ring. The flue-tubes direct from the furnace-tube to the back 
end of the shell, 37 in number, are 4}^ inches in diameter, No. 9 wire-gauge, 
or about 5 32 inch in thickness, and about 3^2 feet long between plates. 
There are 32 return-tubes at the side of the furnace-tube, 5 inches in dia- 
meter, No. 8 wire-gauge, or nearly 3 16 inch in thickness, and about 12 feet 
7 inches long between the end-plates of tlic shell. 

All the edges of die plates are planed, and the edges of the end-plates 
turned. The openings for the furnace-tubes also are turned out The 
rivet-holes, usually, are punched ; but they are drilled when required. In 
cases where the whole of the boiler is made of mild steel, the holes are 
drilled in place. The rivets are '3 16 inch in diameter, at 2 inches of pitch, 
with 2^ inches of lap, for single-riveted seams; and at 3-inch straight 
pitch, and 2-inch zigzag pitch, with 4^ inches of lap for double>riveting, in 
die longitudinal seams. 

The flue-tubes are fixed by expanding in the usual manner; diose in 
the fire-box are beaded. No special stay-tubes are employed. 

The furnace is fitted with a wrought-iron plate front, cast-iron furnace- 
frame, cast-iron door carrying a baffle-plate inside, by which the door is 
protected, and the air that enters through the door-slides is deflected 
towards die dead-plate. The dead-plate is 10 Inches long; and the grate 
is 6^ feet in length, giving an area of 22 square feet; which is at the rate 
of a little over }■< a square foot per nominal horse-power. The fire-bars are 

inch thick at the upper surface, and 4}4 inches deep, with ''-inch 
air-spaces for ordinary coal. The bridge is a fire-lump on a cast-iron seat. 
It is iS inches below the crown of the furnace, and gives a sectional area of 
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passage of 4^ square feet, for the burnt gases, or '/5th of the area of grate. 
The flueway through the direct flue-tubes is 3>^ square feet, or V6.3 part of 
the grate-area; dirot^h the return-tubes it is $^ square fee^ or V5.9 part 
of the grate-area. The flueway outside the boiler has a sectional area of 
about 22 square feet, the same as the area of the fire-jjrate. 

The heating surface is reckoned as follows: — In the furnacc-tubc, taking 
the whole of the surface excepting the portion below the fire-grate, 67 
square feet; direct tubes, 147.3 square feet; return-tubes, 523.6 square feet; 
making to)gedier 737.9 square feet — 33.6 times the grate-area, or» say, 
18 .square feet per nominal horse-power. There is, in addition, an area of 
144 square feet, at the sides and bottom of the shell, in the bottom flue, 
which makes a total of 882 square feet of heating surface; — 40 times the 
grate-area, or 22 square feet per nominal horse-power. 

The boiler is supported on two cast-iron stools set in the brickwork. 

The mountings include a double 4-inch lever safety-valve, with levers^ 
weights, and counterweights; a 5-indi steam stop-valv^ widi spindle; 
a 2-inch brass check feed-valvc, fixed to the front of the boiler, from which 
tlie water is carried in a tube to the back of the furnacc-tube, where it is dis- 
charged; a 3-inch brass blow-off cock; a set of 3/^-inch w-ater-gauges; 
a steam-pressure gauge, 7-inch dial; two ^-inch test-cocks; fusible plug in 
flue; and internal steam-coUecting pipe. 

The net weight of the boiler, with the steam-chest, is about 9}i tons. 
With furnace fittings, front smoke-boxe^ and mountings CMiiplete, the 
weight is 1 tons. The price is ;^5i2: — at the rate of £4$, lor. per ton^ 
or £i2, i6s, per horse-power. 



Chapter XIII.— VERTICAL STEAM BOILERS. 

Vertical boilers are used chiefly for the sake of compactness and of 
simplicity of construction and establishment It appears that they were 
first employed for utilizu^ the waste heat from puddlii^, reheatii^ and 
other furnaces. They are known as upright furnace boilers; and a lai^e 
number are at work on this duty. The Rastrick ty|>e of vertical boiler, is^ 
cylindrical, with hemispherical ends, and a vertical central flue from the 
lower end, extending upwards for about half the height of the boiler. The 
flue branches to and through tlie sides of the boilers by two, three, or four 
horizontal necks. The boilers are surrounded by brickwork flues, below 
the water-leveL The combustible gases are introduced at the lower part 
' o£ the boiler, near the bottom, where they bum and impinge on the sides or 
walls; thence the burning gases pass upwards around the boiler, to the 
upper part of the external flue; whence they pass into the central flue, and 
descend to the bottom, where they escape by an underground Hue to the 
chimney. The gases are not delivered uniformly around the boiler, but 
unequally, — from, two, three, or four furnace-necks. The inequality of heat 
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causes inequality of expansion, and, besides, the plates opposite the furnace- 
necks arc exposed to overheat, with consequent fracture and bUstcr, unless 
they are protected by bafflers of fire-bricks. Overheating; moreover, is the 
more likely to take place as the initial temperature of the gases is elevated, 
and the temperature of combustion is the higher in consequence. Such 
boilers are from 25 feet to 30 feet in heif^ht, and from 8 feet to lo feet in 
diameter. These proportions are not favourable for high pressures, as, 
whilst the diameters are considerably the thickness of plates is diminished, 
and double-riveted seams are forbidden by the conditions of external 
firing. Mr. Fletcher mentions the case of a Rastrick boiler, heated by the 
combustible gases from four iron furnaces, which exploded. It was 27 feet 
high, 10 feet in diameter, of plates from ^ 16 inch to 7/,6 inch in thickness. 
The brickwork of the flue was 15 feet high. The external shell had a rent 
in the lower part, and an entire ring of it was stripped, — the result of 
intense flame locally applied, with sedimentary water. The flame struck 
on a confined water-spac^ where, probably, the circulation was imperfect 
The boiler had had a dose of bran a few weeks {Hreviously; it stopped the 
leaks, but it thickened the water. 

In another form of vertical boiler, for utilizincf waste gases, the shell is 
cylindrical, and is usually flat-ended; and it is traversed by a plain central 
flue. The height of such boilers is usually about 30 feet The combustible 
gases are delivered into the flue at die lower end in which they are burned, 
and through whidi the burnt gases pass upwards, escaping at the top. It 
is naturally less efficient than the Rastrick boiler, as the external surface is 
not utilized for heating. But the plates may, for the same reason, be made 
of any required thickness, and double-riveted; and, not being externally 
fired, they are not subjected to unequal expansion. The lowermost ring of, 
plates of the flue should be protected from the direct action of the flame by 
a lining of fire-bricks; so also should the upper part <^ the flue, in the steam- 
space; the flue being enlarged so that die lining may be flush with the 
lower part of the flue. 

Horizontal boilers, also, it may be noted, of the Cornish or the Lanca- 
shire type, arc used for utilizing waste heat ; and, where room is to be had, 
they are preferred for this purpose to upright boilers. The gases are 
ignited at the front ends of the flues» which are protected 1^ fire-brick 
lining; and the current of burnt gases, after having; passed through tlie 
flues, should be conducted round the outsides of the boiler; — for the sake 
of economy, and also for prevention of inequali^ of expansion, and greater 
durability of the boiler. 

Ordinary Vertical Boilers, — The common type of cylindrical vertical 
b(»ler for steam^crane^ windier and miscdianeous purposes, where a 
comparatively small supply of steam is required, is fairly represented in 
section by fig. 304. The shell of the boiler is 45 inches in diameter inside 
the middle ring of plates, and 8 feet in total height above the lower 
cd|:^e of the shell; or with the ash-pit, which is 10 inches high, 8 feet 
JO inches above tlie base. It is made up of three rings of plates, of which 



Digitized by Google 



726 



THE CONSTRUCTION OF STEAM BOILERS. 



the lowermost is extended downwards to form the ash-pit, with an opening 
in front, i he circular scams are single-riveted ; and the vertical seams are 
double-riveted. The fire-box is 3 feet in diameter inside, at the level of the 
grate, and 2 feet 10 inches at the top^ giWng 2 inches of taper. It is formed 

of a ^ngle plate, which, after the 
water-tube holes are cut out, is 
rolled to form ; and the vertical 
scam is welded up. The water- 
space is about 3 inches wide at the 
bottom, and opens to about 
inches wide at the top. There ar^ 
in the upper part of the fire-box, 
two transverse water-tubes, 9 inches 
in diameter, inclined a little, cross- 
ing each other; they are welded to 
the fire-box plate, tiius obviating 
the double thickness of plate re- 
quired for riveting. Sufficient 
freedom of circulation of water and 
steam are thus provided for between 
the shell and the fire-box, without, 
by excessive taper, unduly contract- 
ing tiie upper part of the fire-box, 
which is valuable as heating sur- 
face. The crown of the fire-box is 
4 feet 3 inches hv^h. above the fire- 
tjrate. It is convex, having a rise 
of 3 inches ; but the crown of the 
shell is flat The two crowns are 
flanged to join the side-plates, and 
they are connected by the vertical 
ujjtake-flue, 9 inches in diameter in- 
side the ncckin^f and the lininL,^ of 
fire clay. This lining is designed as 
a protection from the heat, in the 
steam-space; and to receive it, the 
flue is enlarged to 12 inches in dia- 
meter. Sucli protection is useful, and 
should be applied to all such boilers. 
Instead of a fire-clay lining, some 
makers insert a sleeve of cast iron. 
The crown of the fire-box is much strengthened by its convexity of 
form, and is in so far fortified against the accident of overheating by short- 
ness of water. The crown is, of course, very rigid; but sufficient elasticity 
for expansion is provided by the flat crown of the shell. The fire-box is 
dished or set out at the base, to make the joint with the shell; and also 




Fig. 304.— Ordinaiy Vcitkal Stean Boiler. Scale i/a» 
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at the firchoie, where the dishing is partly relieved by the insertion of a 
thin ring of metal between the two plates, to complete the joint; providing 
at the same time, space for the circulation of steam anmnd the doorway. 
The circular scams are single- 
riveted, and the vertical seams are 
double-riveted. There is a man- 
hole in the upper ring of plates, 

1 1 inches in diameter, fortihed by 
a wide stiffening rin^^ double- 
riveted to the sheU. Mud-holes 
are placed, one in die bottom of 
the shell, and one opposite the 
lower end of each cross-tube. 

The fire-bars are of cast iron, 
suf^rted on a ring- bearer of 
wrought iron. The area of fire- 
grate is 7 square feet, and the sec- 
tional area of the chimney is .44 
square foot, or »/i6th of the ^'rate- 
area. There is 66^4 square feet 
of heating surface, which is 9.54 
times the grate-area. 

The crown of the shell is 3^^ 
feet above that of the fire-box, of 
which there is i foot of water to 
the normal level, and 2^ feet of 
steam-space. 

The vertical tubular steam 
boilers manufactured by Messrs. 
Daniel Adamson & Co., Dukin- 
field, are illustrated by fic^. 305. 
They are constructed of from 2 to 

12 nominal horse-power, to work 
at pressures of from 40 lbs. to 
ISO lbs. per square indi. The 
unit of power is 13 square feet 
of heating surface per nominal 
horse -power. In reckoning the 
area of heating surface, the tube- 
surface exposed to the steam is 
included. The vertical seams of 
the shell are double-riveted, and 
those of the fire-box are solid 

welded. Rivet-holes are drilled, and the edges of the plates are planed. 

In the boiler of 12 horse-power, having a working pressure of 100 lbs. 
per square inch, the shell is 10 feet high and 4 feet in diameter, of ^-inch 




Vi(, 303.— Vertical Still Boiler, by Mewn. D. Aiiam- 
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pktes; and the ash-pit is 9 inches high. The chimney is slightly taper, 
being 14 inches in diameter at the bottom, and 16 inches at the top. It 
stands 18 feet high above the ground-level. The fire-box is of 13/33-inch 
plates, 3 feet 5 inches in diameter at the level of the fire-grate, tapering to 

3 feet 2 inches at the top. The total height 
of the tire-box is 4 feet 3 inches. There 
are 3; flue-tubes, inches in diameter 
outside^ 5 feet long^ fastened into fi-incfa 
tube-plates, on which their ends are turned 
over. The r rdinary water-level is at two- 
tliirds of the length of the tubes, or 3 feet 

4 inches above the fire-box. The area of 
fire-grate is 9 square feet, or ^ square foot 
per nominal horse-power. There are 150 
square feet of heating surface, or 13 feet 
per horse-power. Hie ratio of grate-area 
to heatintr surface is as I to 17.33. 

The boiler is provided with manhole 
and cover, hand-holes, uptake, smoke-box, 
chimney, fire-bars» ash-pit, fire-door, safety- 
valv^ steam-indicator, water-gauges, check 
feed-valve, stop-valve, and blow-off tap. 
It weighs, without mountings, 46 cwts. 

It is stated that, in normal conditions, 
16 pounds of coal are consumed per square 
foot of fire-grate per hour, or a total of 
(i6x9«s) 144 pounds per hour. It is 
stated also tiiat water is evaporated at the 
equivalent rate of 8 pounds per pound of 
coal, from and at 212 ' F., or (8 lbs. x 16 
lbs.X9 square feetH-62.5 lbs. = ) 18.4, or, 
say, 18 cubic feet per hour; equivalent to 
2 cubic feet per square foot of grate per 
hour, or cubic feet per horse-power 
per hour. 

Messrs. Alfred Marshall & Co. manu- 

^ facturc vertical boilers of from i ^ nominal 

horse-power to 12 horse-power; with verti- 

I I I cal flue-tubes, and widi horizontal cross 

water-tubes. The 8 horse^power boilers, 
having vertical tubes, have shells of ^a-inch 
plat (?s, jl'2 feet in diameter, <) feet high, and a base or stand 6 inches high. 
The fire-box is of 7/16-inch plates, 3 feet in diameter, and 3 feet 7 inches 
high. The tube-plates are f s inch thick. There arc 20 flue-tubes, 2^4 inches 
in diameter outside, 5 feet 5 inches long. The fire-grate has 7 square feet 
of area, or ^ square foot per nominal horse-power; and the heating 




J5g. ji": — N'citkal Cros<.-tulie Str.im Builer, hf 
Mosn. Abbott & Co. Scale 1/24111. 
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surface is 1 14 square feet, or 16.3 times tlie grate-area, or at tlie rate of 
14}^ square feet per horsepower. 

VerikeU crosS'iube boilers, illustrated by %g, yc6, are manufactured by 
Messrs. Abbott & Co. of from i to 16 nominal horse-power, reckoned at the 
rate of 10 square feet of heating surface per nominal horse-power. The 
grate-area is a fluctuating quantity, dependent on the diameter of the fire- 
box, ranging from 1.4 square feet for i horse-power to 6.7 square feet for 
8 horse-power, or .84 square foot per horse-power; and to 15.3 square feet 
ftM* 16 horse-power, or nearly i square foot per horse-power. For the same 
nominal powers tiie heating surfaces are respectively 7 times, 12 tiroes, and 
lOJ^ times the grate-area Thus the grate-area is a resultant of the dimen- 
sions of the boiler suited to present given areas of heating surface, rather 
than a quantity calculated by any fixed ratio. 

The working pressure of steam is from 70 lbs. to 80 lbs. per square inch; 
the test-pressure is 150 lbs. per square inch, hydraulic 

The foUowmg selection of data from Ae practice Messrs. Abbott & 
Co., table No. 153, presents in one view the leading dimensi<»is and pro- 
portions of their vertical cross-tube boilers. 



Table No. 153. — Vertical Cross-tube Boilers for I-and Purposes. 

Abbott & Cq, 





s 


s 


3 


4 


s 


6 


7 


8 


9 


10 


13 


M 


16 


Total height of ] , • 
cylindrical shell i"-'"^- 


4 0 


5 0 


6 0 


6 6 


7 0 


7 6 


8 6 


8 6 


9 0 


96 


II 0 


II 0 


12 0 


Diameter of do.,^ 


I 9 


2 6 


2 6 


2 9 


3 0 


3 3 


3 3 


3 6 


3 9 


4 0 


4 0 


4 9 


3 'J 


Cross-tubes number 


I 


I 


2 


2 


2 


3 


3 


4 


4 


4 


5 


5 


5 


Do. dia-,. , 
meter outside 


6 


7 


7 


8 


8 


8 


8 


8 


9 


9 


9 


9 


9 


Uptake, outside) 


6 


7 


7 


8 


8 


9 


9 


10 


10 


12 


12 


14 


>5 


Total height of) 




























fire - box, ex- - ft, ins. 
eluding crown ) 


2 5 


3 3 


3 9 


4 0 


4 6 


4 10 


5 I 


5 6 


6 0 


69 


7 6 


7 9 


8 6 
























Thickness of shell ..inch 




s/.« 




H 


yi 


H 


H 


H 


H 


H 


H 


v.. 




Do. fire-box „ 


H 


H 


H 


H 


H 


H 


H 


H 


H 








V- 


Do. do. } 


5/i4 


H 


H 


}i 


H 


H 


H 


H 






'/•« 




V«6 


Heating surface, ) r 
including uptake/ ' 


10 


20 


30 


40 


50 


60 


70 


So- 


90 




I JO 


140 


160 




1.4 


3-3 


3-3 


4 


5 


6 


6 


6.7 


7.8 


9.0 


9.0 


13.6 


153 


Ratio of j^rntc-area tO) 


















1 1.5 








104 




7-1 


6.1 


9,1 


10 


ID 


10 


1 1.7 


12 


II. I 


13-3 


10.3 


Net weight of) 
boUeronly r*^'' 






13 


17 


20 


24 


27 


39 


34 


37 


44 


66 


80 



The gross weight of the 8-horse-po\ver boiler, with fire-bars and mount- 
ings, is 33^ cwts. The prices of these boilers, with chimney and fire-door, 
and without ash-pit, fire-bars or mounting, vary from £1"/ for I horse-power 
to £62 for 8 horse-power, and ;C 160 for 16 horse-power. These pricey 
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reduced to a rate per horse-power and a rate per ton net weight of boiler, 

are as follows: — 

t Horsc-ivjwtr. t Ho fn pa w tt. iflHon»fawar. 

Per horse-power jC^l jC^ y^io 

Per ton net weight jCs7 jCa^ jC40 

With the extra prices for the asli-pit, fire-bars, and mountings the total 
price of the boilers complete are, for i horse-power, £2^, 5^. ; for 8 horse- 
power, £y$, 15J. ; and for 16 horse-power, £i86; being at the following 
rates per horse-power: — 

I Horse-power. B Horse-power. i6 Horsc-powcr. 

Per horse power jQ^St 5** jCo^ 9^' jC^^t '^x. 

Per Ion gross weight.... — y^^44» 9^- — 

The mountings include tlie safety-valve, steam stop-vahe, feed-valve^ 
water-gauge, 2 gauge-cocks, pressure-gauge, and blow-off cock. 

The vertical cross-tube boiler, of S horse-power, is constructed of f 6-inch 
iron pUtes, except the crown of the fire-bo3^ whidi is of steel The diell is 
double>riveted in the vertical seams. It is 3)^ feet in diameter externally, 
and 9 feet 3 inches in total height from the :;rrnind to the shoulder of the 
crown-plate. Deducting the height of the ash-pit, 9 inches, the height of the 
boiler proper is 8 K feet to the shoulder, or, including the camber of the 
crown-plate, which is dished 4 inches, the height is 8 feet 10 inches. There 
is a manhole in the upper part, 14 inches by 11 inches, fortified externally 
by a ring of ^-inch plate; one mud-hole $}i inches by 5 inches, opposite one 
end of each cross-tube; and 3 mud-holes at the base. The fire-box is 2 feet 
liyi inches in diameter internally at the level of the fire-grate, and is tapered 
upwards to a diameter of 2 feet 8 inches at the top. It is usually con- 
structed with two plates, riveted in vertical seams; or it is welded, when 
required. It is set out at the base, to form the rivet-joint witli the shell- 
plate; but it is joined to the shell with a solid iron rii^, at die firehole. 
The flanging out of the fire-box at the base is preferred for the sake of 
economy, and of short rivets and good joints. The ring at the firehole 
is preferred, for the sake of durability, resisting the wear of the fire-irons 
better than the plate-to-plate joint. With this joint, too, the inner plate is 
liable to crack by the sudden chill occasioned when the fire-door is left 
Open to keep down die generation of steam. 

The water-space is inches wide at the bottom, and widens to 4 inches 
at the top. The crown-plate is dished, with a rise of 3 inches. It is united 
to the crown-plate of the shell, by the uptake-flue, which is of -?K-inch plate, 
and is 10 inches in diameter outside, or inches inside. The flue is 
surmounted by a chimney 10 inches in diameter, and 6 feet high above the 
boiler. The fire-box is fitted with four cross water-pipes, slightly inclined, 
8 inches in diameter outside and 7^ inches inside^ flanged and riveted 
to tiie fire-box. The fire^ate is at a level 3 inches above that of the 
bottom of the water-space, or 6yi inches above the bottom of the fire-box. 
The fire-bars are inch thick, with 3<-inch air-spaces. The area of fire- 
grate is 6.70 square feet, and there is 80 square feet of heating surface, 
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includin<:f one foot in height of the flue through the upper part of the 
boiler, equal to 12 times the grate-area. Of this quantity of heating 
surface, the cross-tubes provide more dian one-fourth. The area <^ flue- 
way to the chimnqr is 67 squaie inches* or .$6 square foot; and it is Vxath 
of the grate-area. The water-level is from 6 inches to 8 indies above tiie 
crown of the fire-box. 

The quantity of water evaporated per pound of coal averages 6 pounds 
from ordinary temperatures per pound of ordinary coal. 

Mr. H. S. Hde Shaw* ^ves tiie results of otperimaits on the perform- 
ance of two small vertical steam boilera^ one of which had tubular flues and 
the other an uptake and a cross tube; 





Tubular. | CroM-tuU. 




2 H.P. 


4 H.P. 




4 ft 6 ins. 


5 ft 4 ins. 




a » 6 „ 


2 i» 6 „ 




7 


I 




2 ]4 ins. 


S ins. 




2 ft 2 ins. 


2 ft. 0 ins. 




i}i sq. ft. 






I ft 9^^ ins. 


3 ft. 0 ins. 




21.2 sq. ft 


26.8 sq. ti. 




la.o 


! «.S4 




51.5 lbs. 


32 Ibi. 




36^ „ 


34}4 „ 


Da <lo. da per iqaare foot of grate 


*i.5 ». 


9-9 » 




121 „ 
2.0 CU. ft 


170 
2.74 CU. ft. 


Do. da da per square foot of grate 




0.78 „ 




I.I4 ^ 


4.9 lbs. 



These are results of two days' trial of the first, and one day's trial of the 
second. The coal used in the first boiler was Parkficld coal, containing 
82 per cent of carbon, 5.6 per cent of hydrogen, and 6.1 per cent of oxygen. 
The coal for the second boiler had about tlic same composition. The 
comparative inferiority of the first boiler in efficiency, is, it may be presumed, 
due to the inferiority of the vertical flue-tube surface. A small vertical 
boiler, on the premises of Messrs. Wm. Green & Co., London, was tested 
for evaporation with gas-coke as fuel. The shell is 2 feet 6}4 inches in dia- 
meter outside, and it stands 5 feet inches high. The fire-box is 
22 inches in diameter, 2 feet 5 inches high above the grate, having 3.33 
square feet of grate-area. A 6-inch flue-tube rises through the shell, and 
there is one 4-inch cross-tube in the upper part of the fire-box. The trial 
lasted five hours, during which time Sjj^ pounds of col^ was consumed, 
leaving 6 pounds of ash; and 7.344 cubic feet of water, supplied at a 
temperature of 70° F., was evaporated, at a pressure of 30 lbs. per 

> See Mr. Shaw's p.ipcr on " Small Motive PMrar** in (he PmmliKift tkt MOtOitm ^ CMt 
Engiititrs, vol. Ixii., 1879-S0; page 29a 
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square inch. The coke was charged, lo pounds at a time, at intervals of 
33 minutes. 

CJoke consumed per hour 17.5 pounds. 

Do. da da per square foot of fire^te... 5.25 „ 
Water evaporated per hour. 1.47 cubic feet 

Da do. do. per square foot of grate 44 „ 

Do. da per pound of coke 5.24 pounds. 



NOZZLE STEAM BOILER, READING IRONWORKS. 

The water-pipe or water-tube system has been fully developed by the 
Reading Ironworks, in their vertical nozzle boiler, figs. 307. The boiler 
consists of a cylindrical shell, divided transversely into two parts, united 
by angle-irons and bolts and nuts, which can be separated so that the upper 
part may be lifted off for examination internally, the upper part of the 
fire-box being then entirely exposed. The crown of the boiler is convex. 
The fire-box, at the lower part is cylindrical, and is welded in one 
piece for boilers of at least 12 horse-power. It is square at the upper 
part, to receive the transverse water-tubes, which are horizontal, in several 
rowfl^ crossing laterally and fore-and-aft altematdy, and so breaking up 
the currents of burnt gases as they ascend to the uptake. Nozzles or 
circulators, of cast iron, are fixed at the ends of each row of tubes, turned 
downwards at one end, and upwards at the other end of each row. The 
steam formed in the tubes is, in consequence, discharged from the up- 
turned nozzles, and currents of water flow into the tubes from the down- 
turned nozzles^ to supply the place of the steam that is generated and 
discharged. 

Table No. tS4.->-VBRTiCAL Nozzlk Boilers: Thb Reading Ironworks. 



Horto power. < 



Total height of shell | 
above basc-platc. \ 

Diameter of do. out- 
side 

Internal diameter of 

fiR'tMSL. 

Weight of boiler and 
chimney only, with 
circulators 

Do. do. indnding 
bawpbte and fire- 

faUB 

Vft^fiA of OMMintiogi.. 
GroK weight 



ft in. 

5 o 
2 o 

' sH 

cwts. 



ft in. ft. in. 
5464 

2323 

- !i SH 

cwts. cwts. 



ft in. ;ft in. 



^ 1 M 

«7X » 



6 6}4 
2 8 



cwts. 

20 

25 



2 8 



cwts. 

23 



27 

8Wi 



ft- in. 

7 4 

3 

a 7 

cwts. 

31 

36 

3^ 



ft. in. 

S a 

3 tH 



cwtk. 

34 

40 



ft ia 
8 6 

4 o 



rtin. 



ft. in. 

10 oiio 9jia 



cwts. 

40 

so 



4 o 

3 4 

cwts. 
49 

59 



4 6 

cwts. 

68 
86 



«5 



ft. ia. 

a 



ft. « 
la 



o 13 



4654 



cwts. cwts. 
80 102 

98 I 128 



10 

6 o 

5 3 

cwts. 

»34 
163 

I64ir^ 



The crown of the fire-box is convex, and is connected by the cylindrical 
uptake to the crown of the shell. The uptake is riveted to the fire-box ; 
but, necessarily, for the sake of the occasional removal of the upper part of 
tiie shdl, it is fixed to the crown of die shell by means of an angle-iron, and 
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bolts screwed into the angle-iron, which can be unaorewed as required. In 
order to still further exhaust the heat of 

the burnt gases, the upward current; as it 
approaches the uptake, is baffled by a cir- 
cular iron plate suspended from above over 
the uppermost row of water-tubes, and a 
few ii^ea bdow the opening into the 
uptake. 

The unit of power is an allowance 

averaging from 12 to 14 square feet of 
heating surface per nominal horse-power. 
Coal of ordinary quality can be burned off 
at the rate of 4 pounds per nominal horse- 
power. Water supplied at ordinaty tem- 
peratures i^ it is stated, evaporated at the 
rate of iol4 pounds per pound of coal. 
The feed-water is delivered in a single 
stream into the water-space at a level of 
about 18 inches above the bottom of the 
boiler. The working steam-pressure is 
from 50 lbs. to 60 lbs. per square inch. 

The mountings comprise a check feed^ 
valve, a safety-valve, a pressure-gauge, a 
water-gauge, two test-cocks; wrought-iron 
fire-door and bracket, four mud-holes, 
covers^ and cross-bars, fire-bars of a speci- 
ally hard mixture of metal, wrought-iron 
bearing-bars and studs; and a base-plate 
fitted with a wrought-iron damper for 
regulatin;^^ the supply of air below the grate. 

A nozzle boiler of 8 nominal horse- 
power is illustrated by figs. 307. The 
shell is 3 feet i}i inches in diameter out- 
side, and 7 feet 4 inches high to the top 
of the crown, of ^-inch iron plates in two 
halves, united by 25^-inch angle-irons, and 
)^-incli bolts and nuts. The dished crown- 
plate has a rise of 3 inches. The lower 
part of the fire-box is of 9^-inch plates, 
2 feet 7 inches in (diameter inside and 
2 feet high, with a 2>^-inch water-space 
all round. It is single-riveted at the joints. 
It is connected to the shell at the bottom 
by double angle-iron. The fire doorway 
is 1 1 inches by 9 inches, and the joint there is made witii a 2-indi-space ring, 
to meet whidi the fire-box plate is set out The fire-box is taken in to 




Figs. 307.— Vertical Noule Steam Boiler, bjrdw 
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receive and be riveted to the upper part containing the water-tubes. The 
upper part is 2 feet indi square outside, and 2 feet g}4 inches high to 
the shoulder, or 2 feet 1 1 % inches high to the top of the crown, which has 

a rise of inches. The upper part is crossed by eight rows of water- 
tubes inches in diameter externally, No. 11 Birmingham \\ ire-t;auge, 
or about }i inch, in thickness. There are 6 tubes in each row, except 
in tlic two uppermost rows, in each of which there are 5 tubes; making 
46 tubes in all. The rows of tubes, as well as the tubes of each row, are 
3^ inches apart between centres, making clear interspaces of i inch. 
The nozzles at each end of each row are in one casting, reaching from side 
to side, divided by partitions into compartments, one to each tube, so that 
the circulation for each tube is independent. It is clear))- shown by the 
plan of the tubular section, figs. 307, that the upper chamber of the fire-box 
is thoroughly occupied by die tubes, and that the current of burnt gases is 
minutely subdivided in its upward passs^ to the uptake The normal 
water-level is 5 inches above the crown of the fire-box. The uptake and 
the chimney are S inches in diameter inside. The chimney is from 8 feet 
to 9 feet high above the crown of the shell, or about 1 5 feet above the level 
of the fire-grate, which is 3 inches above the bottom of the fire-box, and 
2 feet 3 inches below the lowest cross-tubes. The fire-bars are ^ indi tfaicl^ 
and die air-spaces are H inch wide; The safety-valve is 2 inches in diameter. 

The area of fire-grate, reckoned for the inside diameter of the fire-box, 
is S]4 square feet. The heating surface is about II3 square feet, or 
2i^{« times the area of fire-grate. Two-thirds of this heating surface is 
supplied by the cross-tubes. Allowing, for ordinary working, 4 pounds of 
coal per nominal horse -power per hou^ the consumption per hour is 
(4X8«t) 32 pounds^ which is at the rate of (32-^5.25=) 6.10 pounds per 
square foot of fire-^rate per hour. The corresponding quanti^ of water 
evaporated is (32 X las =) 336 pounds, or 5.39 cubic feet per hour, or about 
I cubic foot per square foot of grate-area per hour. At these rates the 
consumption of water is (3 36 -=-8=) 42 pounds, or about ^ cubic foot per 
nominal horse-power per hour. 

The first nozzle-boiler, constructed oS 7 horse-power, was tried in 1872. 
It was not clad. It had a grate-area of 4 square fee^ with 90 square feet of 
heating surface — about 22^ times the grate-area. Of coal, 37 pounds was 
consumed per hour.or 9j<^ pounds per square foot of fire-grate; and 336 pounds, 
or 5.39 cubic feet of water supplied at 40 F., was evaporated per hour, or 1.35 
cubic feet per square foot of fire-grate; making an evaporation of 9.08 pounds 
of water per pound cK coal; equivalent to 10.90 pounds from and at 212" F. 

In the same year, a 5-horse-power nozzle boiler, .dothed with felt, was 
tried, witfi two diflferent areas of fire-grate. The boiler was 2 feet g}4 indies 
in diameter, and 6j4 feet high. It had 33 iron tubes, 2^^ inches in diameter 
outside, and 20^4 inches long. The area of fire-grate was 1.3 square feet 
and 4 square feet; and tlie heating surface was 71.6 square feet, or respec- 
tively 55 times and 18 times the areas of fire-grate. The lowest cross- 
tubes were i foot 11 >^ inches above the fire-grate. The chimney was 
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7 inches in diameter. The leading results of three carefully conducted 
trials are given in the following tabl^ No. 155. 



Table No. 155.— Rbsults of Trials of a s-horsb-power 

Nozzle Boiler. 1872. 





1 


a 


9 


Area of fire-grate 


1.3 sq. ft. 


1.3 SC]. ft. 


4 sq. ft. 




48 lbs. 


49 lbs. 


49 lbs. 




63 4 „ 


63 4 „ 


«8 


T)o. do. per sq. foot of grate 


48.8 


48.8 „ 


22 „ 




65" F. 


65= F. 


65* F. 




8.27 cu. ft. 


8.53 cu. ft 


11.23 CU' ft" 


Do. do. per sq. ft. of grate 


6.36 „ 


6.56 „ 


2.81 „ 




8.12 lbs. 


8.37 lbs. 


7.95 lbs. 


Da da da from ) 


9-58 » 


9.88 „ 


9-38 » 





The results of an experimental trial of a 4-horsc-po\vcr boiler, by the 
engineers of the Royal Agricultural Society, at Bedford, in 1874, which 
lasted 4 hours 2 minutes, show that 80 pounds of coal, and 807 pounds or 
12.96 cubic feet of water, were consumed, under a pressure of 20 lbs. per 

square inch: — being at the rate of 20 pounds of coal and 202 pounds^ or 
3.24 cubic feet, of water per hour. Taking the area of fire-grate as 2 ^ 3 square 
feet, 8.60 pounds of coal, and 86.7 pounds or 1.40 cubic feet of water were 
consumed per hour per square foot of fire-grate. The water was consumed 
at the rate of laog pounds per pound of coal, equivalent to it.70 pounds 
from and at 212^ F. 

The principal results of tests made at the Reading Ironworks, on a 
boiler of 40 horse-power on regular duty tliere, in February, 187^ were as 
follows. The area of fire-grate was 21,65 square feet 



Table Na 156. — ^Trials op a 4o-horse-pow£R Nozzle Boiler. 1876. 







FA. 4. 


Feb. r. 


Feb. M- 


Coal consumed (small Welsh ) 
Do. do. per square foot 1 

Water evaporated 

Do. do. per hour 

Do. do. do. per ) 

sq. foot of firc-gimte.. | 

Water evaporated per pound ) 

Water evaporated per poimd ) 

of co.il from nnd at 212'^ F. ( 


3 h. 22 m. 
50 lbs. 

504 » 

149.6 „ 

6.91 „ 

65 F. 
83.24 cu. ft. 

24.70 f. 
I.I4 „ 

io.$o lbs. 


3 h. 23 m. 
50 lbs. 

504 » 
149.6,, 

6.91,, 

65° 

83.88 cu. ft 

24.89 „ 

i-«S »» 
ia58Ib& 

12.48 „ 


2 h. 51 m. 
20 lbs. 

504 n 

177.0,, 
8.18 „ 

62» 

83.91 cu. ft. 

29,44 „ 
1.36 „ 

io.sS lbs. 


3 h. 3 m. 
50 lbs. 

476 », 

7-21 „ 

0 

104 

84.23 cu. ft. 

27.62 „ 
1.28 „ 

to.97 lbs. 

12.51 „ 



Digitized by Google 



736 



THE CONSTRUCTION OF STEAM BOILERS. 



The general results of these tests show that at ordinary rates, from 
6 pounds to 8 pounds of ordinary coal is consumed, and from i cubic foot 
to Ifi cubic feet of water is evaporated, from ordinary temperatures, per 

square foot of fire-grate per hour; showing an evaporation of from lo pounds 
to io>^ pounds of water per pound of good coal, equivalent to from 
12 pounds to 12)4 pounds from and at 212° F. 

The rate of ocmsumption of fuel in proportion to the area of the fire- 
grate is very moderate^ and, in connection with the extensive heating 
surface presented by the water-pipes, it explains the comparatively low 
temperatures of the csca[)ing^ases claimed for the nozzle boiler. 

In the exceptional case of the boiler of 5 horse-power, 11^ cubic feet 
of water was evaporated per hour in the third trial ; or more than 2 cubic 
feet per horse-iXMver, at the rate of 9.38 pounds per pound of coal from 
and at 212* F. The results of the first and second trials, with a reduced 
fire>grate^ show that, whilst tlie rate of combustion per square foot was 
more than double that in the third trial with the ordinary grate, the 
evaporative efficiency also was greater — corroborative of the experimental 
deductions already made. The results of the third trial, compared with 
those of the other trials, with lower rates of combustion, also show what 
has before been remarked, tiiat the more a boiler is forced, and the greater 
the quantity <^ water evaporated, the less Is the evaporative effidenqr. 

FIELD BOILER. 

The vertical boiler, fig. 308, designed by Mr. Edward Field, is con- 
structed with an ordinary flat-top cylindrical shell, and a plain flat-top 
fire>box. A large number of lap-welded tubes are fixed into tiae crown- 
plate^ closed at the lower end, and opening at tiie upper end into die 
water- space above the fire-box. These tubes, fig. 309, depend for some 
distance into the fire-box, and are exposed both to the heat radiated from 
the fire, and to the heat of the burnt gases which circulate amongst tliem. 
Within each tube, another tube, open at both ends, and smaller in diameter, 
is suspended, so that a rapid circulation of water and steam takes place, 
by the risii^ of steam and heated water in Uie outer tube, and the descent 
of water relatively less hot, in thd internal tube. The external tubes are 
slightly opened or expanded at their upper ends, and when properly fitted 
and driven into the tube-plate, or crown-plate of the fire-box, they are kept 
tightly in place by the pressure of the steam. The upper ends of the 
inner tubes also arc expanded coniformly, to admit of a free entrance for 
water downwards, and Uiey are suspended by fins or feathers on the outside 
so that they do not dose the apertures of die fixed or outer tubes^ but, 
on the contrar>'', leave a free passage upwards and outwards for the mixed 
currents of steam and water that rise from the outer tubes. By the main- 
tenance of rapid and continuous circulation within the tubes, it results that 
the transference of heat to the water is augmented, compared with that 
due to sts^ation or to languid drculation. 

There is necessarily a cylindrical space in the fire-box, directly under 



Digitized by Google 



VERTICAL STEAM BOILERS. 



737 



« - 



the uptake, which is not occupied by tubes; and it is commanded by 
a cast-iron baffle-block, suspended a few inches below the entrance to the 
uptake. By the intervention of this round block, the current of burnt 

gases is dispersed around it and amongst the circulating tubes. The level 
of the block, which also acts as a damper, is adjustable by means of a lever 

from which it is suspended, and a 
chain which hangs down outside the 
boiler. 

The shells of Field boUers are 
made either of Landore-Siemens mild 
steel, or of Yorkshire iron ; the fire- 
boxes and tube-platcs and tcjjj-plates 
are of Yorkshire iron. 
The outmde seams of 
the shell are usually 
double-riveted, the cir- 
cular seams single- 
riveted, and tlie rivet- 
holes are drilled. The 
circulating tubes are ^ 
inch thick for all sizes. 
The fittings usually sup- 
plied are as follows: 
— Steam stop -valve, 
safety-valve, pressure- 
gauge, 2 sets of water- 
gauges(or i water-^auge 
and 3 gauge cocks), 

Hback - pressure valve, 
and one or two blow-off 
cocks, anti-priming pipe, 
I ii ^ j a set of fire-bars, and 

^dt=s^B^a^^=a=UL an adjustable baffle- pis 
Tig. 3oi— Vffikai FMd suhd Boiiar. Soile block under the uptake, 

to regulate the draught. 
The unit of measure for nominal horse-power is lo square feet of 
circulating tube-surface per horse-power, the plate heating surface being 
additional With that allowance of suffoo^ it is reckoned tihat i cubic foot 
of water can be evaporated per horse-power per hour, in ordinary Field 
boilers. At the same time, it is stated that in boilers (or steam fire- 
engines^ the same duty has been performed with an area of 5 square 
feet. 

The following table shows the outer dimensions, weight, and heating 
surfaces of ordinary vertical Field boilers of from 3 to 6o nominal horse- 
power: — 




309. — Field 
Boiiar: Ciraiitting 
Wilttr.tttbM. 
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Table No. 157.— Field Boilkrs. 



Nominal 
Horse- 
power. 


HmOvSiiifboB. 


Hdcht 




Cuiinihu Wfliglik fat 


Tool 




TouO. 




H.P. 


«q. ft 




fi im. 


ft, 


ins. 


cwtt. 


cwts. 


3 


52 


17.3 


6 0 


2 


8j4 


18 


6 


4 


65 


16.2 


V U 


2 


10 


22 


5-5 


S 


87 


17.4 


6 0 

0 9 


a 


11^ 


26 




D 


93 


15-5 


7 ° 


3 


2 


29 


4.8 


0 


121 




7 0 


3 




33 


4.1 


xo 


145 


145 


7 ** 


3 


9 


41 


4.1 




1 70 


1*1.2 

* *T* * 


S 5 
0 


3 


1 1 


to 




»4 


194 


14.0 


y 4 


4 


0 


49 


3-5 


15 


218 


14-5 


9 10 


4- 


2 


51 


3-4 


16 


226 


14. 1 


10 3 


4 


4 


57 


3.6 


18 


255 


14.2 


to 6 


4 


8 


60 


3-3 


30 


282 


14.1 


10 6 


5 


0 


87 


4-4 


as 


343 


13-7 


II 0 


5 


4 


no 


4-4 


30 


408 


13.6 


II 6 


5 


10 


1 20 


4.0 


35 


462 


13.2 


II 9 


6 


0 


127 


3-6 


40 


S«8 


13.0 


11 0 


6 


3 


138 


3-4 


50 


630 


12.6 


13 0 


6 


6 


ISO 


30 


60 


740 


12.3 


14 0 


6 


9 


190 


3.2 



The ordinary Field boiler is illustrated in fig. 308, by the example of 
a 50-horse-power boiler, made for the Richmcmd Water-works. The 
shell is cylindrical, 13 feet in hei^t, and 6^ feet in diameter externally, of 

7/16-inch plates, except the crown-plate and the base-plate, which arc ^ inch 
thick. There is a manhole in the shell near the crown, fortified by a ^-indi 
plato-ring riveted to it. The fire-box is cylindrical, about 5 feet 4 inches in 
diameter inside, and 7 feet i inches high, of 7/,6-inch plates, except the 
cruwn-plate, which is inch thick. The water-space is 6 inches wide. 
The fire-box is riveted to the base>plate with ang^e-iron, independently of 
the shell, and is joined to the shell at the doorway by a plate-iron necking, 
flanged and riveted to each separately. There is an advantage in this 
s\ stcm of necking, as it makes lii;'lit joints, and it admits of free circulation 
of water and steam arountl it. 1 i\e fire-box and the shell arc connected 
also by i-inch screwed stay-bolts at a pitch of 16 inches, and by tlie uptake, 
ifriiich is of 7/j6-inch plate, and is 17 indies in diameter insid^ and i>^-inch 
tie-rods, fixed widi double bolts and nuts at each end. The circulating 
tubes, 250 in number, are 2*^ inches in diameter externally, and 3 feet 
\o]2 inches long. The baffle-block is 19 inches in diameter, and only dears 
the surrounding tubes b\' -"(ths of an inch. 

The fire-grate is formed of four segmental grids and a central square 
grating of ordinary fire-bars 3 feet 4 inches in length, supported on an 
angle-iron ring riveted to the fire-box near the bottom. The surface of the 
grate is at a level 8 inches above the base-plate or bottom of the bdler, so 
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providing a liberal refuge for the collection of mud below the direct action 
of the fire. The chimney is l6 feet hl^ 

The boiler of 50 horse-power contains 500 square feet of tube surface, 
being at the rate of 10 square feet per horse-power; or a total of 630 square 
feet, being at the rate of 12.6 square feet per horsc-powcr. The area of 
fire-grate is 22% square feet, being to tiie total heating surface in the ratio 
of I to 28.3. The evaporative power, at tiie assumed rate, is the evaporation 
of 50 cubic feet of water supplied at ordinary temperatures per hour, or 
2.22 cubic feet per square foot of fire-grate. 
Allowing an evaporative efficiency of 
9 pounds of water per pound of coal, the 
coal would be consumed at the rate of 347 
pounds^ or 3.1 cwts. per hour; or 15.4 
pounds per square foot of fire-grate. Tlie 
net weight of the 50-horse-powcr boiler, 
exclusive of mountings, is 6 tons 3 cwts. 
2 qrs. The price of the boiler complete 
is £2,^0, or £^6 per liorse-power, or some- 
thing less than £61^ los. per ton. The 
working pressure is 60 lbs. per square inch. 
The ordinary water-level is 18 indies above 
^e fire-box. 

This boiler was tried by Mr. Schon- 
heyder for a period of 6 hours 40 minutes, 
burning i\Icrth\'r coal of good (juality, 
Ihoug^ containing a large percentage of 
slack and dust The boiler had been 
cleaned previous to the trial, and was tried 
on its ordinary' pumping work. The quan- 
tity of water, supplied at the temperature 
49 , evaporated into steam of 55 lbs. pres- 
sure per square inch, was at Hie rate of 
1620 pounds or 26 cubic feet^ per hour; or 1.1$ cuUc feet per square foot 
of fire-grate. Coal was consumed at the rate of 177.6 pounds, or 1.58 cwts. 
per hour; or 7.90 pounds per square foot of fire-grate. The water was 
evaporated at the rate of 9.12 pounds per pound of coal; equivalent to 
10.93 pounds from and at 212° F. It was evident that a much larger 
quantity of steam could have been generated in the same time, had there 
been a demand for it 

A modified form of the Field boiler, witb a descending draught is shown 
in fig. 310. The uptake is dispensed with, and the fire-grate is shortened 
and inclosed at the back by a vertical partition of cast iron, which rises to 
a tlistance of 12 inches below the crown-plate. The wh(ile of the crown- 
plate within the inclosure is available for the placement of circulating tubes, 
and the downward draught regulated by a damper, passes off* behind the 
partition into the flue underground to the chimney. 




F|g. ya— Fidd Boikr, with a 
i^Diaiight. Sedci/iaA. 
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The boiler here illustrated is of 30 horse-power, and it was constructed 
for die London Stock Exchange. The shell is it^ feet high and 5 feet 

10 inches in diameter externally, constructed of 7/i6-inch steel plates for die 
cylindrical portion, and 9/i6-inch Yorkshire plates for the crown -plate. 
The fire-box is of 7/irj-inch Lowmoor plates and ^-g-inch tube-plate. It is 
4 feet 9^ inches in diameter inside, and 6^ feet high, forming a water-space 
S}( inches wide. It and the diell are constructed and put together similaily 
to the uptake boiler. The two crown-plate% which are flat, are stayed together 
with i^-inch Lowmoor bolts and double nuts. There are 131 circulating 
tubes, inches in diameter externally, 3 feet g}i inches long, presenting 
together an area of 292 square feet. The partition is 1^ inches thick, and 
is made in three pieces, pinned together. It is cast with a bracket to 
support the fire-bars and a fire-brick shield or liner 2^ inches thick. The 
fire-grate is thus of the form of a segment of a circle, 4 feet g!^ indies in 
diameter, and 3 feet 6 inches wide. The grate is formed of diree lateral 
segments and a square of fire-bars. The level of the grate is 7J< inches 
above the bottom of the fire-box, and it is about 2 feet i inch below the 
bottoms of the tubes. The clear height of the crown of the shell, above 
that of the firc-box, is about 4 feet g}i inches, of which the water occupies 
about 13 inches above the crown to the water-level, and the remainder,. 
44 inches, is steam-space. 

The area of the fire-grate is 15.4 square feet, the effect of theccmipart- 
mcnt being to reduce the area for the complete circle, i.SJ^ square feet, 
by about 3 square feet. The heating surface of the circulating tubes is 
292 square feet, representing, say, 30 horse-power. The total surface is 
400 square feet, or 26 times die urea of grate. The downward-draugfatway 
bdiind the partition has a sectional area of 2.15 square feet; or >/i4^ of the 
area of grate. 

From results of recent tests it appears that, in a downward-draught 
boiler, similar to the one just described, 10.83 pounds of water was evapo- 
rated into steam of 100 lbs. pressure per square inch per pound of coal. 

CHAPLIN & CO.*S VERTICAL TUBULAR STEAM BOILERS. 

Messrs. Alexander Chaplin & Co., Glasgow, manu&cture two forms of 
vertical boilers — the flue-tube or tubular, and the water-tube or tubulous. 

T/ii- Vi rdcal Tubular Boiler, of cS noininal horse-power, is illustrated by 
fig. 311, in which the distinguishing feature is the contraction or swaging 
of the flue-tubes a little below the water-line, with the object of retarding 
the burnt gases as they ascend, and more effectually cooling them; so 
augmenting the production of steam, and obviating excessive heating of, 
and consequent injury to, die tubes in the steam-space. It is aigued that 
the burnt gases expand after passing,' the contractions, and are consequently 
reduced in temperature. A slif^ht reduction, no doubt, takes place as the 
result of expansion; but probably the relief is due principally to the 
diminished lateral pressure <^ die gases on the surfaces of tiie upper parts 
of tiie tube^ resulting from die sudden enlaigement above the contractions. 



VERTICAL STEAM BOILERS. 



Tlie boiler is constructs! of mild steel. It is 3 feet in diameter outside, 
for the lower pai i, and exclusive of the aiih-pit, is 7 feet high. The case is 
made of two rings of plates, of whidi the upper laps over the lower ring. 
They are 5/t6 inch thick; the tube-plate is 
^ inch thick. The fire-box is 29 inches in 
diameter inside at the level of the fire-grate, 
and 28 inches at the top; it is 30 inches in 
total height, and is 22 inches high above the 
fire-grate It is made of one plate, ^ inch 
thick, riveted at the joint; the tube-plate is 
^ inch thick. The fire-box is set out at the 
bottom to join the shell, and it forms a water- 
space 2'/j inches wide at the bottom, widenintj 
to 3 inches at the top. It is joined to the shell 
at the doorway with a ring i}i inches thick; 
and is stayed to it by one line of stay-bolts, 
12 inches apart, all round. There are 48 flue- 
tubes, 2}^ inches in diameter, yi inch thick, 
and havin!:^ a clear length of 4 feet 5,'.' inches 
between the tube- plates. The\' are sliyhtlj' 
inclined towards the centre upwards, for con- 
venience in clearing the conical uptake on the 
top of the boiler. Th^ are swaged to a dia- 
meter of I }4 inches externally, and about I ^ 
inches internally: the normal flue-area being 
reduced at the swaginc; to two-fifths. The 
tubes arc fixed into the two crown-plates by 
expanding, and are turned over or headed orf 
the plates. The water-level is 4 inches above 
the swaging of the tubes, or about 2}4 feet 
above the fire-box, leaving a steam-space about 
2 feet high. The volume of water is 15.3 cubic 
feet, and that of the steam-space is 10.3 cubic 
feet The chimney is 8 inches in diameter 
inside, and No. 10 wire-gauge in thickness; it 
is 10^ feet high above the sole .of the boiler, 
or 10 feet I inch above the level of the fire- 
grate. The fire-grate is formed with two 
lateral cast-iron segments, and parallel cast- 
iron bars between them; fa inch thick witli fa-inch air-spaces. The cir- 
cular seams are single-riveted; the vertical seams are double-riveted, by 
machine. The rivets are ^ uicfa in diameter, at 2 inches of pitdi for 
single-riveting, with 2% inches of lap; for double-riveting, the lap is 3 inches, 
and the angular pitch is 2 inches. The feed-water is delivered direct from 
the check-vahe near the bottom of the boiler. The ash-pit may be con- 
structed of a few courses of brick, in horse-shoe form. The working prcs- 




Fig. 3it.— Veitical Steam Boiler, by Meun. 
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sure is 75 lbs. per square inch, and boilers are tested by cold water to 
double that pressure. 

The area of the fire-grate is 4.59 square feet The wet heating suiface 
consists of 14 square feet of plate surface, and 70 square feet of tube 
surface; together, 84 square feet, or 18.3 times the grate^area. There is 
56 square feet of steam heatiriL; surface. 

The unit of nominal horse-power is the evaporation of i cubic foot of 
water per hour. In the 8>horse-power boiler there is (84 -i- 8 = ) io}4 square 
feet of wet heating surface per horse-power; and (4-5978^) ,5;^ square 
foot of fire-grate per horse-power. Correspondingly, the rate of evaportion 
is 500 pounds, or 8 cubic feet of water from ordinary temperatures, being at 
the rate of 1.74 cubic feet per square foot of firc-gratc. It is stated that 
62}^ pounds of coal are consumed per hour, or 13.6 pounds per square foot 
of fire-grate ; evaporating 8 pounds of water per pound of coal. 

The we^ht of the boiler is 28 cwt&, not including that of boiler mountings; 
or 3^ cwts. per horse-power. The price is ;C$5, or about £7 per horse- 
power; or about £40 per ton, without boiler mountings. 

Particulars of vertical tubular boilers, of from 4 to 10 nominal horse- 
power, are given in the tablet following: — 



Cha^lin^s Vertical Tubular Boilers. 
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Cluxplifis Vertical Water-tube Boiler^ of 7 nominal horse-power, is illus- 
trated by fig. 3 1 2. The special features are the dependent water-tubes, which 
hang from the crown-plate of the fire-box. The crown-plate being dished, 

and the tubes screwed into it at right angles, the tubes are inclined radially 
towards the centre-line of the boiler, and are in a position favourable for the 
circulation of the burning gases between and around the tubes, and the 
circulation of water and steam within them. 

The boiler is constructed of mild steel. The shell is 7 feet 2 inches high, 
exclusive of the ash-pit; whidi may be of brickwork, and 3 feet i inch 
in diameter; and is of Vicinch plates. The walls of the fire-box are of 
^-inch plates, 31 indies in diamt tcr inside at the level of the fire-g^ate. 
The crown-plate is ^ inch thick. The fire-bo.x has a total hei<:^ht of 
4 feet 8 inches; and is 4 feet i inch above the level of the fire-|^M-ate. There 
is a cluster of 24 hanging tubes in the tire-bo.x, 2^4! inches in diameter 
externally, and ^ inch thick; and feet long, below die tube-plate; 
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hanging about iSyi inches dear of the fire-grate 
at the base, to join die shell» and is joined 

with a ring at the doorway. The water-space 
is about 2j{ inches wide at the bottom, 
and widens upwards to 3 inches at the top. 
There is a clear height of about 2 feet 4}4 
inches Irom die crown of the fire-box to 
that of tiie shell, in which the water-level is 
6 inches above the fire-box, leaving i foot 
10^2 inches for steam-space. The uptake 
is conical, 5 inches in diameter at the crown 
of the fire-box, expanded to 8 inches at the 
crown of the shell, to meet the chimney. 

The heating surface comprises 33 square 
feet of plate-surface, and 37 square feet of 
tube-surface; together 70 square feet, or 10 
square feet per horse -power. The area of 
fire-grate is square feet, and is to the 
heating surface as i to 13.3. Evaporating 
I cubic foot per horse-power, or 7 cubic feet 
per hour, 1.33 cubic feet is evaporated per 
square foot of fire^ate per hour. Allow in;;; 
8 lbs. of water evaporated per pound of coal, 
there is a consumption of 54.6 pounds of 
coal per hour, or 10.4 pounds per square foot 
of fire-grate. The b(Mler weighs 25 cwts., 
exdu^ve of the we^t of the boiler mount- 
ing or 3.6 cwts. per horse-power. The price is £$2, or gs. per horse- 
power; or £41, i2s. per ton of net wdght 

» 

Oi^^s Vertical Waier4iiii Srilers. 




Fig. 31a.— Vcrtiol \V.itcr-tulvc Boiler, by 
Mem. A. Chaplin & Ca Scale i;34th. 





i 


7 


9 


II 




ft in. 


6 10 


7 2 


7 6 


7 10 






2 10 


3 I 


3 4 


3 7 




sq. ft. 


28 


33 


40 


46 




n 


24 


37 


50 


67 




»> 


52 


70 


90 


H3 




. cu. ft 


6.0 


7-9 


9.0 


"•5 




»» 




14.0 


150 


17-7 


Weight, with fire-bars, doors, and chimney .. 


cwts. 


23 


25 


30 


36 


Price, with do. do. do. 




44 


52 


62 


74 



COCHRAN & CO.'S VERTICAL TUBULAR STEAM BOILER. 

The vertical boiler, figs. 313 and 314, manufactured by Messrs. Cochran 
& Co., Birkenhead, is constructed with a dome-shaped fire-box, and a group 
of horizontal flue-tubes above the fire-box, encased in a vertical cylindrical 
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shell. The burning gases pass from the fire-box by a circular opening, or 
flue-pipe^ at tiie back» into a combustion-chamber, from which they pass 

through the flue-tubes to the front into the smoke-box and thence into the 
chimney. By the domical form of the fire-box, the surface is well disposed 

for receiving the radiant heat from the fire, 
and spacious waterway is provided exter- 
nally to it, for the free circulation of water 
and escape of steam. There is also wide 
water-space at each side of the group of 
flue-tubes. In the hemispherical or the seg- 
mental top of the boiler considerable steam- 
space is provided, whilst it stands high for 
taking off the steam and obviating the 
chance of priming. The combustion-cham- 
ber is closed at the back by an iron plate 
lined with fire-brick; and it is obvious that 
the fire-brick must be highly heated by 
the impinging flames. The healing surface 
within reach receives the benefit of the heat 
radiated by the fire-lmck. 

The boilers arc constructed entirely of 
steel, and according to the reg^ulations of 
the Hoard of Trade. The fire-box is made 
witii a circular crown-piece and three lateral 
plates, shaped and riveted together; except 
in the six smallest sizes, for which the fire- 
box is made with two lateral plates. The 
flue-pipe is one piece, welded or, as in most 
cases, stamped out of a solid plate; flanged 
to join the fire-box. The tube -plates are 
flanged to join the shelL The shell is con- 
structed of three tiers of plates^ with the 
crown, which is constructed of five plates — 
a central ciOwn-piece, and four lateral segments. The fire-box is set out 
at the lower cdi^jc to join and be riveted direct to the shell. It is also 
connected to the shell at the doorway by a flanc,'ed rinc^. The flue-tubes 
are fixed in place by means of expanders. They are beaded or turned 
over on the back tube-plate; and they project about fi inch bQwnd the 
front tube-plate, in order tiiat, if necessary, they may afterwards be driven 
back and beaded anew. Several flue-tubes are utilized as staj^ fig. 3lSi 
by being screwed into the back tube -plate with one nut on the outside. 
At the front end they are fastened and made tight with a nut at each 
side of the tube -plate. The fire-grate is of cast-iron — consisting of four 
grated s^;ments and a square of fire-ban, and occupying the whole 
horizontal area of the fire-box. The fire-bars are i}( inches wide at 
the upper edg^ and }4 inch at the lower edge, with $^-indb air-spaces. 




i 



3 '3. — Vertical Steam Boiler, by M< 
Cochran h Coi, 
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The mountings consist of a water-gauge, 2 test-cocks, a lever safety- 
valve (figs. 316), a stop-valve, a feed dieck-valve, a pressure-gauge, a steam- 
jet pipe and cock, and a blow-off cock. 

The Cochran boilers are not rated by nominal horse-power. The unit of 




, 3(4.— Cochran '■ Boiler : 5vcctkiaal VWwt. 

Scale about i/jSth. 
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power or capacity is the eva- 
poration <^ I cubic foot of 
water by 10 square feet of 
heating surface. At the same 
time, it is assumed that this is 
also the unit of horse-power. 
This type of boiler is con- 
structed with from 30 square 
feet to 800 square feet of hea^ 
ii^ surface, reputed to be cap- 
able of evaporating from 3 cubic 
feet to 80 cubic feet of water per houT, with from 2^ square feet to 
28 square feet of grate-arca. 

The thicknesses of steel plates used in the construction of a few of the 
Cochran boilers^ of difierait size^ are given in Uie following tablet for a 
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working pressure of So lbs, per square inch. The boilers are constructed 
for pressures of from 60 lbs. to 100 lbs. per square inch. For iron plate^ 
when wdered, the thicknesses are greater than for sted plates. 




riK> 315.— Codina Boiler: 
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The horizontal or circular lap seams are single-riveted, and the longi- 
tudinal or vertical seams are double>riveted, by machine. The following 
are the diameters and pitches of rivets for steel {dates of different thicknesses. 







Coehran Boilers,— 


.Riveting, 






Thicknest 


Diaroeccr 


Pitch of Rnr«tt. 


Zinag 
Piich. 
Double- 
riveting. 




or 

PhM. 


Riwatt. 


Single- 
riveung. 


Double- 
riveting. 


Sii«t& 


Deabb. 


inch. 


IDCh. 


iochcE. 


inches. 


inches. 


inches. 


inches. 


H 


Va. 


2 

2}i 

^% 


2V.6 

2yi 

2}i 


2 

2 '4 
2^ 
2^ 
2}^ 


2'/.6 

2V.6 


3'V.6 

SVi« 



The apittoximate we^hts and prices of Cochran boilers are as follows: — 
Codkran BoiUrsr—Afprvximait WdghU. 



Diameter 
cfBoifcr. 
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* J\Wf.— The prices provide fbr 6 feet of length of chimney. 

Assumine^ the nominal horse-power of the boilers at the rate of lO square 
feet of heating surface per horse-power, the following proportions of weight, 
pricey and horse-powers are obtained : — 

Cochran Boilers, — Relative Weighty Price^ and Horse-power. 
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The boiler illustrated by figs. 313 and 314* has 350 square feet of 
hcatinor surface, equivalent to 35 nominal horse-power, reckoned at the 
rate of 10 square feet of surface per horse-power. The heating surface 
consists of — 
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Plate surface 54 square feet, or 15.4 per cent 

Tabesuiface 296 „ or 84.6 „ 

Total 350 „ 100 „ 

The area of the fire-grate is i8>^ square feet, and the ratio of the grate-area 
to the heating surface is as i to 19. The shell is $1^ feet in diameter, and 
the height is 12^ feet net, or 13 feet above the bottom of the ash-pit The 
fire-box is 4 feet 9^ inches in diameter at the level of the grate, and is 
2 feet 5 inches high above the grat^ forming a hemi^here. The level of 
the grate \s 12% inches above the lower edge of the fire-box. The water- 
space is 5 indies wide at the level of the j^ratc, and by the form of the fire- 
box, quickly widens upwards. The tube-plates are 3 feet 7^4 inches apart, 
measured over the outer faces of the plates, or about 3 % feet between 
the plates. There arc loS plain flue-tubes, and 19 sia} -tubes, together, 
127 tubes, zyi inches in diameter outside; The stay-tubes are fastened 
in die manner already described, as shown in fig. 315. The tubes are 
placed at about 1% inches apart between centres, allowing i inch clear 
space between the tubes. The firc-holc is lo^j inches by 18 inches, the 
lower side l)eing level with the fire-grate. The flue-pipe leading to the 
combustion -chamber is 15^ inches in diameter, and the combustion- 
chamber is 15 inches long between the fire-brick lining and the tubfr-plate. 
The fire-brick lining is 3 inches diick, and is fastened to the back plate of 
the chamber. The back plate is fixed to the boiler by six or eiL;ht lugs, 
tightened up by screwed bolts. By slackinL^ the bolts, the back plate can 
be lifted off by means of two rings fixed on the plate. The normal water- 
level in the boiler is 6 inches above the uppermost flue-tubes, and leaves 
a steam-space 4 feet 7 inches high to the top of the boiler. The chimney 
is l^yi inches in diameter. 

The thicknesses of plates and tubes for pressures of from 60 lbs. to 
100 lbs. per square inch, in the 35-horse-power boiler, are given in the 
following tablet: — 



Ceckram BoUtTf 35 kmf^awer:—Tkid^ie$s pf Mates and 7\Aa for 

tformu Prmures. 





fiolbc 


jelfaa. 


tolht. 




too Iba. 




iach. 








faick 










7/16 


y 










9/16 










¥^ 


»3/3i 


7-16 










'< 

/ *- 




7/i6 




y 


'5/3 J 


1 < 
/ - 




7/16 


7/t6 


y 


y 


y, i6 




7/16 


7/16 


y^ 




9/.6 




7/16 


H 






"/16 


Combustion-chamber, back plate 


iji(> 


5/.6 


5/16 


5/16 


5 ,6 




% 


y 


5/16 


5/, 6 


5/«6 












H 



Digitized by Google 



VERTICAL STEAM BOILERS. 



749 



The sectional area of flueway through the tubes is 243 square feet, or 

it is to the grate-area in the ratio of i to 7.6. The chimney has 2. 10 square 
feet of sectional area, or V'yth of the gratc-arca. 

The safety-valve, figs. 316, page 746, is mounted on the crown of the 
boiler, and the steam stop-valve, on Mather & Platfs system, fig. 317, is 
bolted to it These are of cast iron with gun-metal 
fittings. The thoroughfare for steam is inches in 
diameter, with ^ s inch thickness of metal for the safety- 
valve, and 9/16 inch for the stop-valve. The safety- 
valve is 3^ inches in diameter; the fulcrum of the 
lever is 3^ inches from the centre of the valve, and 
the lever has 21 inches of clear length, from the ful- 
crum to the last notch, in which the weight, 115 pounds, 
is hung for a maximum pressure of 80 lbs. per square 
inch. The face of the valve is coned to the angle 45 \ 
and rests on the square edge of the seat. The steam 
stop-valvc is 3)4 inches in diameter, and is similarly 
formed. It is raised and lowrered by means of a screw. 

For boilers adapted for service on ships, a pair <^ spring safety-valves, 
like the usual t} pc of marine spring safety-valves, is placed on the crown 
of the boiler, as illustrated by fig. 318, for the 5 feet 9 inch boiler. Each 
spring is a coil of steel, 33/64 '"ch, or .517 inch 




Fi(, 317.— Cochran Boilar: 
StOfMnlTC. Scah i/io. 



^mrrnunniimgK. /- 



square in section, in 14 coils, of a mean diameter 
of 2^ inches. The spring is seirted on a sleeve 
lodged on the valve-spindle^ and is covered by 
a cap «4iich takes the pressure of an adjustable 
screw for producing the requisite degree of com- 
pression — equivalent, in this case, to 80 lbs. per 
square inch on the safety-valve. The safety- 
valve b 3 inches in diameter, bevelled to the 
angle 45% and seated on a square edge The 
spring is encased in a cast-iron cylinder, and 
the screw, after having been adjusted, is gagged 
by a ring inserted under its head, and covered 
by a kind of inverted cup to prevent tampering. 
The valve can be turned on its seat, when re- 
quired, by the cross handle oottered on the 
upper end of tiie spindle. The two springs 
with their casings are fixed on a cast-iron base 
holding the two safety-valves, joined with a pipe- 
neck. 4?4 inches in diameter, to the boiler. 
Wiicn the pressure in the boiler rises to the 
maximum, the valve lifts and discharges steam 
at such a rate tiiat the pressure in the boiler sinks. The valve usually 
closer and stops further escape of steam, when the pressure has fallen i lb. 
per square inch below the maximum fat which the spring is adjusted. A 




Fig. 318.— Cochraii Boiler: Spriqg 
Salcty-valvct. Scale i/ifldk 
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round shaft is carried in two standards fixed on the top of the casing, as a 
fulcrum for the lever used for raising the valves when required for allowing 
Steam to escape, or to verify the state of the valves. 

A separate steam stop-valve, fig. 319, 3 inches in diameter, is fixed near 




Fig-ua—Cochnui Boiler: Feed 
GbedMnlv*. Sola t/ttnik. 



fig, 319.— Cochran Bailer: Steam Siop-ralve, ia 
CotmeclioD with the Sprini; SAfcty-valves. 



the spring safety-valves. A segmental piece of pipe is laid inside the 
shell, blocked at the inner end, and perforated on the upper side by saw- 
cuts, for collecting and conducting steam to tlie stop-valvc. 

The feed dieck-valvc, fig. 320, is similar In construction to the other 
valves just described The valve and the feed^pe are 2 indies in diameter. 

The approximate weights of the boiler of 3 5 horse-power are as follows. 
To these are added the weights of similar boilers of 60 and 80 nominal 
horse-power for comparison: — 

Wfig/it of Cochran Boilers. 



Nommal hoise-po^ 

Heating suifiice. sq. ft. 
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«5 0 
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2 56 


2 84 


3 0 
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2 0 


a 14 


loi 8a 


154 84 


193 70 



The total weight is here shown to be upwards of 5 tons. The price is 
£21$, exclusive of fire-bars, the price of which '\s £y, i$s., and mountings 
£42, loj., making a total of £26$, $s., or about £s}) per ton, or £7, lis. S</. 
per nominal horse-power of 10 square feet of heating surface. 

Triabj—A G>chran boiler of 6 nominal horse -power was tested by 
Mr. J. H. Harrison in 1879. was 2 feet 9 inches in diameter, and 
5 ^-^ feet high; with a normal grate-area of 4,82 square feet, reduced, for 
the trial, to 2.5 square feet, and 63 square feet of heating surface — ^25 times 
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the grate-area. From die printed report it is gathered that 43.8 pounds 
of Nixon's Navigation steam coal was consumed per hour, or lyi^ pounds 
per square foot of fire-grate per hour. To attain this rate of combustion 
the drau.t:,'ht was urL,'cd by a steam-jet in the chimney. Six cubic feet, or 
374/.' pounds ot water, dehvcrcd to the boiler, at the temperature 46.5 F., 
was evaporated per hour, being at the rate of 240 cubic feet per square foot 
of grate-area per hour. Per pound of coal, 8.54 lbs. of water was evaporated, 
equivalent, it is stated, to laiQS pounds per pound of coal, from and at 
212 1'. The temperature of the gases in the chimnQr averaged 375° F.; 
the nia.ximum temperature being 425 F". 

Tiie ordinary shop-boiler at the factory of Messrs. Cochran & Co. wa:> 
tested, in 1881, by the auUior. It is 6 feet in diameter, havii^ a total 
he^ht of 13 feet The fire-grate is S feet 5 inches in diameter, having 
23 square feet of area; but it was partially blocked by brickwork of a 
segmental form, and reduced to a working area of 15 square feet. There 
is 60 square feet of plate heating surface, and 265 square feet of tube- 
surface — together 325 square feet, which is 21 }4 times the free area of 
fire-grate. The boiler was tested under. the ordinary working conditions 
of the factory. Two qualities of fuel were used — a common kind of slack, 
and Tyler^s South Wales steam coaL 



Fuel used Slack. Welsh Coal. 

Pressure of steam on gauge, per square inch 80 lbs. 80 lbs. 

Temperature of fieed-water, average 1 70** F. 165* F. 

Water evapomted per hour 24 cu. ft. 22.5 cu. ft 

Do. do. per square foot of grate 1.6 cu. ft. 1.5 cu. ft. 
Fuel consumed per hour 245 lbs. 162^ lbs. 

Do. do. per square foot of grate.... 16.33 lbs. 10.83 lbs. 
Water actually evaporated per lb. of fuel 5.94 Iba. 8.42 lbs. 

Etiuivalent water evaporated from and at 212* p.... 6.41 lbs. 9.13 Ibs. 

Average temperature of the gases in the chimney 545' F. 

Maximum do. do. do. 560^* F. 



Messrs. Newall & Ogilvie, Bristol, tested a 25 -horse- power Cochran 
boiler, in ordinary condition, at their works, in 1881. The boiler was 
feet in diameter, and i i feet high; having 16 square feet of tj;rate- 
area, and 250 square feet of heating surface — 15.6 times the grate-area. 
Good Welsh slack was used, at the rate of iS7/^ pounds per hour, or 
9b84 pounds per square foot of grate-area. Steam of 51 lbs. pressure per 
square inch was generated, from feed-vrater supplied at 50"" P., evaporated 
at the rate of 2 1. 03 cubic feet per hour, or 1.3 1 cubic feet per square foot 
of grate ; being at the rate of 8.33 pounds per pound of fuel, or 9.91 pounds 
from and at 212" F. 

Tests made under such different conditions as diose here mentioned, 
are not readily comparable. Mr. Harrison's test shows what may be done 
occasionally, for a short period — by very much contracting tiie fire-grate 
and intensifying the combustion. But it also shows that i cubic foot of 
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water could be evaporated per hour, by about lO square feet of heating 
surface; and what was done with a contracted grate could, of course, be 
done with a larger grate, though with less evaporative efficiency. 

COCHRAN & CO.'S VERTICAL TUBULAR STEAM BOILER, 
WITH HORIZONTAL FURNACES. 

A compact adaptation of the ordinary furnace -tube to the tubular 
speciality of the Cochran boiler, is illustrated by figs. 321, in which the 




FigL 3tt.— GBdnn Boikr, with Eoibanttl FunwoH. Seite VjM. 



domical iire-box is replaced by two furnace-tubes. The shell is 15 feet 
high, and 8 feet in diameter; but the lower part is flat-fronted to join the 
furnace-tubes. These tubes are 3 feet in diameter internally, and about 
4%^ feet long. The flue-tubes are grouped together horizontally between 
two tubc-plates, which are 4 feet 6^4 inches apart outside to outside. The 
furnace-tubes are flanged to take the tube-plate behind and stay it The 
back of the combustion-chamber is formed solid with the boiler, as a water- 
space, and is stayed with bolts at 8>^-inch centres, screwed and nutted at 
both ends. There are 282 flue-tubes, 2^ inches in diameter outside, 
No. II Birmingham gauge in thickness, except the stay-tubes, s/,6 inch 
thick; at a pitch of about 3? 8 inches horizontally, and 3^)^ inclics vertically. 
The fire-grates arc 4^4' feet long. The fire-bars are lyi inches thick at 
the top, and inch at the bottom, witli f^-inch air-spaces. The boiler is 
fMTOved with a pressure of 150 lbs. per square inch; the working pressure is 
75 lbs. per square inch. 
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There is zSji square feet of grate-area. Of heating surface, there is 
125.6 square feet of plate-surface^ and 824.4 square feet of tube-surface; 
together 950 squaie feet, or 33.3 times the grate-area. 

THE SHARPE-PALMEK VERTICAL TUBULAR BOILER. 

The Sharpc-Palmer boiler, fig. 322, is a vertical cylindrical boiler, con- 
taining a high fire-box, in the upper part of which a group of horizontal 
flue-tubes is placed, within a cylin- 
drical barrel projected from one 
side of the fire«box,reaching nearly 
to the opposite side. The barrel 
has free communication with the 
water-space, and means of addi- 
tional circulation are provided by 
a pipe which connects die lower 
part of tiie water-space with the 
under side of the barrel* and an- 
other pipe, placed centrally, from 
the upper side of the barrel to the 
crown of the fire-box. A loose 
cap is dropped into plaw over the 
central pipe, to disperse tiie cur- 
rent of water and steam that rises 
from it. The crown-plates of the 
shell and the fire-box arc both 
dished; and they are stayed to- 
gether by i;^-inch rods, with 
washers and double nuts at each 
end. The chimney is placed on 
the smoke-box fixed on the out- 
side of the shell. 

The boiler, illustrated by fig. 
322, is one of 8 nominal horse- 
power. The total height of the 
shell from the floor to the spring 
of the crown is 8 feet 10 inches; 
or, omitting the ash-pit, S ftx-t; 
and the diameter is 3 feet 6 inches. 
The fire-box is about 35 inches in 
diameter at tiie fire-grate, giving 6.7 square feet of grate, or .84 square 
foot per horse-power; and it has a total height of $ feet 5 inches; or 4 feet 
lO}4 inches above the fire-grate. The barrel is about 2 feet 2 inches clear 
above the fire-grate; and it stands about 10^ inches clear below the 
crown-plate at the centre. The burninq^ ;^ases are therefore free to circu- 
late around and above the barrel before entering the flue- tubes. From 
these they are discharged into the smoke-box, and to tiie diimney. There 

Vobl. 4S 




Boiler. Scait04th. 
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are 28 fluc-tubcs in the barrel, 2 inches in diameter externally, and 2 feet 

8 inches long between plates, at a pitch of 2--'^ inches. The heating surface 
is 100 square fee^ whidi is 15 times the grate-area, and is at tiie rate of 
I2}i square feet per horse-power. 

The shell-plates and fire-box plates are of 3^^-iiich iron plates; and the 
crowns are of 7/i6-inch mild steel. The boiler is proved to a pressure of 
150 lbs. per square inch; and it weighs, without mounting, 29 cwts. The 
price of the boiler, net, is £66, or £8, 5 J. per horse-power, or £4$, lOs. per 
ton of net weight The total price, including the ash-pit, fire-bars, and 
mountings, is £79, 15^.; or about £10 per horse-power. 

A Sharpe-Palmer boiler of 12 horse-power was tested at Newark, in 
May, 1883, by Mr. Wilson Hartncll. The shell is 4 feet in diameter, and 

9 feet high above the ash-pit, or about 10 feet hit^h, including the ash-pit 
The fire-box is 3 feet 5)^2 inches in diameter, and is 6 feet in total height, 
or 5I2 feet high above the fire-grate. There are 34 flue-tubes 2 inches in 
diameter and 5 feet 2 inches long. The chimney is about 12^^ inches in 
diameter. The area, ci fire-grate is 9 square feet, or ^ square foot per 
horse-power. The heating surface is 14I square feet, or ISH times the 
grate-area, and is at the rate of square feet per horse-power. The 
flueway throu;4h the tubes is .56 square foot, or '16th of the ^;ratc-area; 
the sectional area of the chimney is .90 square foot, or '/loth of the grate- 
area. 

The coal used was Shireoalcs, — a highly-bituminous free-burning coal, 
leaving but little ash. The fire-door was kept partly open to prevent the 
smoke. Steam of from 65 lbs. to 68 lbs. pressure per square inch was 
maintained during the trial. Steam havinq^ been got up to a pressure of 
60 lbs., the fire was raked out, and the ash-pit cleared. The fire was 
relighted with 10 pounds of dry wood, and to maintain the draught a steam- 
jet in the diimney was turned on. The trial lasted 2^ hour^ during which 
time 317 pounds of coal was consumed; and 255 gallons, or 2551.6 pounds, 



or 4a89 cubic feet of water supplied at 54^ F. was evaporated. 

Coal consumed per hour. X36.8 pounds. 

Do. da per squaie foot of grate...... 14. i „ 

Ash, 8 pounds, or 2j4 per cent 

Water at 54'' F. consumed per hour. 16.36 cubic feet 

Da da da per square foot 

of grate 1.83 „ 

Do. do. per pound of coal 8.05 pounds. 

Do. da do. from and at 

aia* F. 9.50 „ 
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Chapter XIV.— SECTIONAL STEAM BOILERS. 



It is a truism that the larger the diameter of a steam boiler the greater 
is the bursting stress under a cnven pressure per square inch. It is also a 
truism that the smaller the parts of a boiler, the more easily transportable 
it is. In early days, no doubt, and even in more 
recent days, heavy boilers of laige dimensions 
were, comparatively speaking; dangerous; and 
subdivided boilers, in parts of small dimensions, 
have from early times been proposed and put 
in practice for the generation of steam of high 
pressure. The earliest subdivided boiler, — or sec- 
tional boiler, as such bculeis are called, — appears 
to have been designed by John Blak^ about 
tiieyear 1774, represented by fig. 323, "to gene- 
rate steam of the required elasticity, and in 
sufficient quantity."' It consists of three water- 
pipes, inclined alternately, connected at the ends 
by bent tubes; so that the steam formed in the 
boiler rose to tiie upper part, to supply tfie 
engine. 

Arthur Woolf, in 1804, patented his sectional 
boiler, figs. 324. A number of cast-iron water- 
pipes are placed horizontally in a row, connected 
by branch pipes to a pipe of larger diameter, 
or receiver, placed above them. The pipes are 
full of water, which reaches half-way up into the recdver, the uppw half 
of the receiver being space for steam. The pipes are laid transversely in 




Fig. 3'3 

by John Btakey, 1714. 





Figi. 334.— Sectional Steam Boiler, by Azthur W00I4 1804. 

the furnace, and are traversed by the burning gases^ which pass over and 

under them alternately. 

Mr. Goldsworthy Gurney, in 1825, patented a steam-carriage with a 
water-tube, tubulous, or sectional boiler. After experimenting with various 
forms of boiler, the last arrangement he adopted, in his steam-carriage^ hi 

* See A Detertftive Hutoiy oftht Skam Engitu, by Robert Stuart, 1824; pages 88, ga 



Liy Google 



756 



THE CONSTRUCTION OF STEAM BOILERS. 



1 828, is shown by fi^. 325. A series of sections of i '4-inch tubes arranged 
as a quadrilateral, with two transverse pipes at the front, are placed side by 

sid^ and form a furnace: the fire being laid on 
the lower pipes and tiie burning gases passing 
between die upper pipes to the chimney. The 
heated water circulates through the pipes in the 
direction of the upward inclination, and the steam 
is collected in a cylindrical reservoir above. The 
boiler was effective as a steam-generator. 

Dr. Ernst Alban, of Plau, Mecklenbufig, was 
an earnest advocate of boilers on the tubulous 
principle. In 1843, he first published descriptions 
of his boilers and encjines.* " The great principle, 

'wodUmo^qrOm^Sia.*'' ^^^^ method," he says, " is so to construct the 

boiler that its explosion may not be dangerous." 
The great principle is ratfier so to construct the boiler diat it shall not explode 
at all Dr. Alban's peculiar type of boiler, of 10 horse-power, is illustrated 
by figs. 326— a group of horizontal water-pipes in communication with a 





FffL 39&— SKtioBil Stam BoOir, bjr BnMt Albn, iti«s. 

vertical water-space chamber, which opens into two reservoirs above; Ironi. 
which the steam is taken away. The boiler is filled withnvater up to the 
level of the centres of the reservoirs, the upper halves of which are filled 
with steam. The water-pipes, 28 in number, are of copper 4 inches in 
diameter, about '/to inch thick, from 4^ feet to 63^^ feet in length, according 
to requirements. They are closed at the back ends by a screw-cover, and 
are screwed to the back plate of the water-space diamber. Two openings 
dirough the plate into each pipe are made: — one below the centre of the 
pipe for the injflow of water; one above for the escape of steam into the 
chamber. The pipes are slightly inclined, — at the rate of yi inch or 

' Sec T/w High-f*r(ssurt' Steam Engine, By DnEimt Albu; tiaiMbtedfiaiitlMGeniiaiw«iA 
notes, by Dr. Wm. Pole, F.R.S., CE.; 184& 
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3 16 inch in one foot, — upwards towards tlie water-chamber, to facilitate the 
escape of steam from them. The pipes are arranged in eight rows, zigzag, 
BO as to meet and .divide the upward current They are placed 1}^ inches 
apart; but this distance may be increased with advantage, to facilitate the 
operations of cleaning. The water-space chamber is from 6 inches to 

8 inches deep, of iron plates, inch thick in front and inch at the back, 
strengthened witli stay-bolts. Guiding-plates are fitted horizontally between 
the rows of pipes, to collect and divert the steam to one side of the chamber, 
and so keep the lower openings into the pipes clear for the water. The 
steam thus rises at one side of the chamber into the left-hand reservoir, 
whilst water descends from the rig^t'^hand reservoir into the chamber. The 
reservoirs are 12 inches in diameter, and 7 feet long. The fire-grate is 
2 feet wide, and 4 feet long. The fire-bars are of cast iron, i inches wide, 
with 5^-inch air-spaces; concave at the top, in order to collect ash and pro- 
tect the bars from excessive heat The level of the grate is from 16 inches 
to 18 inches below the boiler, for coal as fuel; for wood, it is 6 inches lower; 
for turf or peat; is inches deeper. Dr. Alban's proportions give a con- 
sumption of coal at the rate (tf from 7 pounds to 10 pounds per square foot 
of fire-grate per houn. The area of the fire-grate is 8 square feet, or 
4f^ square foot per horse-power. The heating surface of the pipes, taken as 
4% feet long, is 125 square feet, and that of the lower halves of the 
reservoirs is II square feet; together 136 square feet, or 17 times the grate- 
area, or 13.6 square feet perhorse*power. 

THE BARROW SECTIONAL STEAM BOILER. 

The Barrow sectional boiler, formerly known as the Howard boiler, 
was brought out in the year 1866, by Messrs. J. & F. Howard of Bedford. 
It was described by Mr. David Joy,^ in 1875, as then constructed by the 
Barrow Ship-building Company; and it is illustrated in figs. 327, as now 
constructed by this company, showing a boiler of about 50 nominal horse- 
power. It consists of six vertical groups of six wrought-iron pipes in eadi, 

9 inches in diameter externally, and 10 feet in length, ranged side by side, 
inclined upwards towards the back, at an angle of i in 8. The pipes of 
each group open into a vertical collecting pipe, lO inches in diameter, at 
the back. The feed-water is introduced into a horizontal cast-iron chamber, 
square in section, laid transversely at the front, to which each of the six 
lowermost pipes is connected, and from which Uie feed-water is supplied to 
each group. The steam and water circulate in each pip^ and are separ> 
ated in the vertical pipes at the back, from which the steam passes to the 
front and returns to the back, in the two uppermost rows of pipes which 
are above the water-line; and thence proceeds to the steam collector, 
which is a transverse cylinder of cast iron, 12 inches in diameter at the top 
of the furnace. 

The wrought-iron water-pipes, figs. 328, are }( inch thick, with solid 

^See TAf Journal of iht Iron and SteeJ InttituU, 1 875; pages 220, 387. 
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welded ends, ^4 '"ch thick. They are connected to the back collecting 
pipes by screwed neckings, and are closed at the front by cast-iron neckings 




Figl. 337.— The Barrow Sectional Boiler. Scale i/74lh. 



screwed into the ends, closed with cast-iron plates fastened with four bolts 
and nuts, as shown. The transverse feed-water chamber is 4^ inches 
square, and is fixed in place by cast-iron plates, one opposite the end of 




Tigi. 338.— The Barrow Boiler: Pipes and Fitting!. Scale i/i6th. 



each lowermost pipe, and four bolts and nuts. By removing these plates, 
direct access is obtained to the pipes. A steam reservoir is supplied, 
when required, erected immediately above the collector. It is 2}4 feet 
in diameter and gl4 feet long. 

The boiler is inclosed in brickwork at the sides and the back, and by 
cast-iron covering-plates at the top and the front. The burning gases 
from the fire-place are conducted to the back of the boiler, thence to the 
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fronty and again to tiie back at tiie upper part, whence it descends to the 
chimney-flue underground. The brickwork externally is 15 feet long; 
10 feet wtd^ and 13 feet high. 

The ev'aporative power of the boiler is rated at one cubic foot of water 
evaporated from and at 212 F., per hour, for which 7 feet in length of pipe, 
or 16}^ square feet of surface is allowed. The boiler shown in figs. 327 has 
840 square feet of pipe heating surface, of which over one-third is steam- 
heating surface exdudve of the surface of the back collecting chambers, 
which represents, say, 50 nominal horse-power, and an evaporation from 
and at 212' F., of 50 cubic feet of water per hour. The fire-grates, of which 
there are two, are each feet long and 3^<C feet wide, making together 
40 square feet of grate-area, or */ai part of the heating surface. 

The weight of the boiler complete is 13^ tons, or 5.3 cwts. per horse- 
power. The pric^ exclusive of a steam-receiver, is £410, or £S, 4s. per 
horse-power, or £$i per ton weight 

The boilers are tested to three times the working pressure whidt is from 
140 lbs. to 170 lbs. per square inch. The bursting pressure of the pipes is 
said to be over 1500 lbs. per square inch. 

According to the statements of Mr, Joy, in the paper already referred 
to, it appears that in a boiler of 60 nominal horse-power, having, presum- 
ably, 1000 square feet of heating surface^ and 48 square feet of grate-area, 
698 pounds of Wigan coal was consumed, and 1005^ cubic feet of water 
was eraporated per hour, in the ordinary course of work, — in the ratio of 
9 pounds of water per pound of coal. Per stjuare foot of fire-grate, the 
consumption of coal is 14^ pounds per hour, and of water 2.10 cubic feet 
per hour. 

TU£ BABCOCK & WILCOX SECTIONAL STEAM BOILER. 

This boiler is constructed by the Babcock & M^lcox Company, New 
York and Glasgow. Mr. Babdock states that the first person to use inclined 

water-tubes, connecting water-spaces, front and rear with a steam-space 
above, was Mr. Stephen Wilcox, his partner, in 1^56.^ Mr. Babcock succinctly 
states the advantages claimed for water-tube boilers, compared with shell 
boilers: i. Th^ admit of the use of very thin metal with ample strength; 
and such thin material may be exposed to the hottest gases comparatively 
with impunity. 2. A better circulation of water can be obtained in the 
water-tube boiler than in any other — a continuous rapid flow in one circuit 
It keeps all parts at an even temperature, delays deposits, and sweeps away 
the steam as it is formed. 3. A water-tube boiler can be made sectional. 
4. The life of a water- tube boiler may be indefinitely prolonged by 
simply replacing worn-out or bumt-out parts. The first boiler of the 
IMresent form was constructed in t86gi it Is still in use, and is good. 5. Ease 
of transportation. 6. Creator eflicien^ of heating surface^ as the hot gases 

' S«e discussioD of a paper on " Shell and Water-tube Boilers," by Mr. Allan Stirling, in the 
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are caused to cross the pipes and impinge on the surfaces — an action 
whidi is more effective dian the gliding of gases parallel to the surfaces. 

7. The water«tube 

boiler is capable of 
bcing^ perfectly 
cleaned. 

Mr.Babcock asks, 
" Whyare not water- 
tube boilers in more 
general use? Be- 
cause they require a 
high class of engin- 
eering to make them 
successful. The plain 
cylinder is an easy 
thing to make. It 
requires little skill 
to rivet sheets into 
a cylinder, build a 
tire under it, and call 
it a boiler; and be- 
cause it is easy and 
any one can make 
such a boiler, — be- 
cause it requires no 
special engineering 
— they have been 
made, and are still 
made, to a very latge 
extent The water- 
tube boiler, on the 
other hand, requires 
much more skill in 
order to make it 
successful** 

The tubes or pipes 
of which tlie Bab- 
cock & Wilcox boil- 
ers are constructed 
are straight, of 
wrought iron, 4 ins. 
in diameter exter- 
nally, and No. 9 
wire-gau£^c, or s/^, 
inch in thickness, lap-welded. The length of the tubes varies according to 
the size of the boiler: — ^For boilers of from 10 to 45 horse-power actual, 
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they arc made 6, S, lO, and 12 feet in lenc^h. For boilers of 45 horse-power 
and upwards, they are 14, i6, and 18 feet in Icngtli. The unit of horse- 
power, which is taken as the actual power for the production of which 
steam can be supplied, is the evaporation <^ 30 pounds, or nearly half a 
cubic foot, of water per hour. For this production, 1 1 ^4 square feet of 
heating surface is provided. Meatinj^ surface is reckoned on the whole 
surface of the tubes, the ends of the boxes or headers, and half the sur- 
face of the steam drums. The quantity of coal consumed, when the boilers 
are working to their rated power, is from 10 pounds to 15 pounds per 
square foot of fire-grate. But occasionally as mudi as 30 pounds have 
been consumed. 

A steam boiler of 120 horse-power is illustrated by figs. 329. The 
pipes are 18 feet in lene^th, arranged in vertical sections of nine pipes to 
each section, making to- 
gether 63 pipes. As the 
pipes of eadi section are 
ngzag, they in reality 
arrange themselves in 
1 8 vertical rows. The 
zigzag arrangement facili- 
tates the breaking up 
and mingling of the 
burning gases and the 
absorption of heat The 
upper ends of the pipes 
are 4^2 feet higher than 
the lower ends, or in- 
clined at the rate of i 
in 4. The pipes are 12 
indies apart vertically 
between centres, and the 
vertical rows are about 
7 inches apart horizon- 
tally and diagonally. 
The dear spaces be- 
tween die tubes are there- 
fore equal to ( 7-4=) 3 
inches; and the outer 
tubes are 2 inches clear 
of the walls. The total 
width of the furnace 
fire - grate, and flue - 
diamber, between the 
walls is 53 inches; and 
the length is 20 feet 8 inches. The height of the flue-chamber to the 
bottom of the drum is about li feet 2 inches. The side walls are 




FllhSao.— Babcockft WikosBoOtr: Tabc Conntctiont and rfgag 
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18 inches thick; the front wall is 20 inches thick, and the back wall 
14 inches. 

The tubes of each section ar^ as stated, zigz^, or "sta^;ered»" and 
tiiey are fixed into cast-iron connections, boxes, or headers, at each end, 

as illustrated by figs. 330, by means of a roller tube-expander, a cored hole 
4}i inches in diameter being formed in the casting opposite the end of 
each pipe, to admit the expander to the tube-end. These cored holes are 
closed each by a cover, jointed to the casting, metal to metal, held together 
by a wrought-iron damp and bolt 

A horizontal drum of f^-inch plate, 3 feet in diameter, iS^^ feet long, 
is placed longitudinally and built in above the boiler. The longitudinal 
seams are double-riveted. It is connected to the headers of each section 
of tubes at each end: the connection at the lower or back ends of the 
tubes being made by a pipe about 4^ feet long, fixed by tlie expander. 
Thus a thorough continuous circulation of water and steam is maintained 
in the system. The boiler and drum are filled with water to the level of 
the centre of the drum, and so a large area of water surface^ iS^ feet by 
3 feet, is provided. The mixture of steam and water rises from the upper 
end of the boiler into the drum, where the steam separates itself from the 
water, occupying the upper half of the drum as steam-space, and freeing 
itsdf from entangled water whilst it travels towards ibt other end of the 
drum to the steam-pipe^ 5 inches in diameter. The water descends thence 
through die connecting tubes to the lower end of the boiler, whence it rises 
again towards the front end of the boiler. The heads of the steam-drum 



I 




VigK 331.— Buk Head. Fip. 33«.— Froot Head. 

BabcQck a Wile«ScctiaDal Boiler : Dnui-lMiidti Seak^/aad. 



are of cast iron, i inch thick, except at the junction with the drum, where 
they are 2 inches thick. The front head, shown in figs. 332, is provided 
with connections and fittings for the steam -pressure gauge, and the glass 
water-gauge; the back head, figs. 331, is made with a manhole and cover. 
The sockets for the ends of the connecting pipes are shown. The safety- 
valve, 5 indies in diameter, and die stc^valve^ also 5 inches, are fixed on 
the top of die drum. 

The mud-drum at the lowermost part of the boiler is of cast iron, as 
the best material to withstand corrosion. It is 18 inches in diameter, 
I inch thick, and is provided with means for cleaning out. It is out of the 
course of the circulation, and is a receptacle for the mud and loose scale that 
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fall from the boiler, with eacii section of which it is connected. The feed- 
water is introduced into the mud-drum. 

The steam-drum and the boiler are suspended from two pairs of cross- 
girders, one at each end of die boiler, supported on columns^ by links 
whidi pass between the girders of each pair, and take on two studs, one on 




each drum-head. By tb.t adoption of this means of support, the con- 
nections are kept free from strains which might be caused by irrcf^ular 

bcarinf^s or by expansion ; and the brickwork may be repaired or renewed, 
when necessary, without disturbing the boiler. 
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The pipes are tested and made tight under a hydrostatic pressure of 
300 ibs. per square inch, iron to iron, without packing. The steam-drums 
are tested at a pressure of 150 lbs. per square inch. 

The fire -grate is 53 inches wide, and 6 feet I inch wide, in two lengths 
of fire-bars, on a slope of 7 inches at the bridge below the level of the 
dead-plate. They make an area of 26.87 square feet of grate. To direct 
the current of hot gases effectively across the pipes of the boiler, the pipes 
are divided into three lenc^ths by means of two trans\'crsc flame -bridges 
made of fire-brick, 2 inches thick, inserted in pieces between tlie pipes. 
The first of these flame-bridges rises from the oidinaiy bridge at the back 
of the grate; the second descends from an inverted bridge built down from 
the steam-drum. The flue at the back, to the chimney, takes its departure 
at a hit^h elevation. By this means the hot current is caused to traverse 
the fagL^ot of pipes three times before it passes to the flue. The headers 
at each end of the pipes fit closely together, and so constitute a partition 
which is substantially solid. The heating surface amounts to 1378 square 
feet, or 11^ square feet per horse-power, or 51.3 times the grate-area. 

The brickwork is 23' ' feet long, 7 feet 5 inches wide^ and 11 feet high 
externally. Tiie plan of the three boilers of 120 horse-power each, which 
were erected at the International Inventions Exhibition of 1884, for the 
generation of electric light, is shown in fig. 333, with the steam-pipe con- 
nections. A 5 -inch pipe is taken from one of the outer boilers, and joins 
to a 7-inch main pipe which receives the steam from all the boilers. 

The ordinary working pressure is 125 lbs. per square inch. 
' The shipping weight of each boiler is 3000 lbs., or 13.4 tons. The 
pnce is £40^ or £$, gs. per horse-power, or £sOt 15s. per ton of shipping 
weight. 

The boilers of the Brooklyn Sugar Refining Company are siiown in 
general elevation, in fig. 334, with the fuel economizer between die boilers 
and the chimney. 

The lO-horse-power Babcock & Wilcox boiler is illustrated by figs. 335. 
It is composed of three sections of tubes, 6 feet long, four tubes in each 
section; in all, 12 tubes. The drum is 2 feet in diameter, of ^4^-inch plate, 
6 feet in length. The fire-grate is 2 feet i inch wide, and 2j4 feet long, 
making an area of 5.2 1 square feet The heatii^ surface is 118 square fee^ 
or 22.6 times tiie grate-area. 

Table Na 158 gives the general data for a selection of boilers of 
various powers, from 10 to 4S0 horse-power. 

The Babcock boilers at the Inventions Exhibition, in the course of 
regular duty, evaporated from 1 1 pounds to 1 1 pounds of water per 
pound of coal; the feed -water being supplied at 190° F. The results of 
many tests recorded in SUam, a pamphlet issued by the oonstru<:tors, show 
that, as averages of 20 different tests^ with all classes of fuel, 15.4 pounds 
of fuel was consumed per square foot of fire-grate. 11.29 pounds of water 
was evaporated per pound of combustible, as from and at 212° F., and 
3.71 pounds per square foot of heating surface. 
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A boiler of 136 horse-power at Grant's Mills, Ramsbottom, was tested 
for evaporation, in July, 1884. The fire-grate was 5 feet wide, 6 feet long, 




having 30 square feet of area. The heating surface was 1563 square feet, 
or 52 times the grate-area. The first test was made with Scholes & Co.'s 
nut coal at 8s. per ton, the second and third with dross, Pickup at 4s. gd. per 
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ton and Crasser at sx. yLt in equal parts mixed. Each test lasted eight 
hours. 

Tsble Na 159.— Baboock & Wilcox Boiun, Ramsbottoh: 
Results of Trials, 1884. 



No. of test 

Average pressure of steam. 

Temperature of feed-water by injector 

Coal consumed per hour 

Do. da per square ) 

foot of grate. / 

Ash per cent 

Water evi^Knated per hour 

Do. do. per sq. . 

foot of grate ( 

Da per pound of coal, actiiaL 
Do. do. do. ficom) 

and at 212° F. j 

Do. per pound of combustible, da 
Horse-power developed, at the rate \ 
of 30 lbs. of water evaporated 
from sxa% at 70 lbs. pressure L 
per hour. ) 



85 lbs. 

2 10° F 
658 lbs. 


65 lbs. 

208" 
7 28 lbs. 


90 lbs. 

208° 
714 lbs. 


a 1.90 „ 


24.26 „ 


23.80 „ 


6135 lbs. 
102, 1 cu. ft. 

204 lbs. 
3.40 cu. ft 

9.14 lbs. 


6913 lbs. 
1x5.8 cu. ft 

230.4 lbs. 
3.84 cu. ft, 
9.50 lbs. 


7612 lbs. 
123.9 cu. ft- 
280.6 lbs. 
4.67 cu. ft. 
X0.66 lbs. 


9*40 M 


9.84 „ 


11.17 „ 


10.38 » 


11.03 ft 


ia.6s „ 


ao5.8 H.P. 


a3a.8 RP. 


as8 H.P. 



A steam boiler of 140 horse-power, at the works of Messrs. J. & J. M. 
Worrall, Manchester, fitted with a special 4-feet drum, and Juckc's stoker, 
was tested in July and August, 1885. The fire-grate was 6}i feet lon|^^ 
4>^ feet wide, making 29.25 square feet of area. The heating surface was 
1616 square feet; or 55 times the grate-area. The leading results are givea 
in die following table: — 

Table Na 160. — Babcock & Wilcox Boiler, Mancuest£r: 
Results of Trials, 1885. 



No. off test 

Duration of test 

Average pressure of steam per square inch 

Temperature of feedrwater by injector 

Coal consumed per hour. 

Do. do. per square foot of grate. . . . 

Water evaporated per hour. | 

Do. do. per square foot of gnte | 

Do. do. per pound of roal, actual 

Do. da do. from and at a 12° F. 
Horseix>wer devdoped, at the rate of 30 lbs. off j 
water evaporated from ax a* at 70 lbs. pressure V 
per hour ) 



27 hours 
75 lbs. 

135° 

946 lbs. 

32.3 „ 
8007 „ 
130.2 cu. ft. 
273 lbs. 

4*44 ^ 

8.46 lbs. 

9-42 n 

897 H.P. 



2 

18^ hours 

95 lbs. 

275' 
633 lbs. 

2X.6 „ 

6400 „ 

1 10.3 cu. ft. 

219 lbs. 
3.77 cu. ft 
10.125 lbs. 

985 » 
808 H.P. 
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THE ROOT SECTIONAL STEAM BOILER. 

The Root boiler, it appeals, was introduced in America, a year later 
than Babcock & Wilcox's boiler. The leading features of the Root boiler 

have already been noticed, pages 256 and 268. But, reccnth', in its latest 
form, it has been materially improved. The boiler, formerly partly filled 
with water and partly occupied with steam, is now filled up with water, 
which rises into and occupies one half of the transverse reservoir or drum 
on die top of the Ixuler,— the upper half of the receiver being occupied 
by steaoL On this system, the steam and water rise into the receiver, 
where they separate, and whence the water descends direct to the transverse 
mud-pipe at the back. Thus» a continuous circulation of water and steam 
is established. 

The unit of the Root boiler is a wrought-iron pipe 4^ inches in 
diameter externally, Na 8 wire-gauge or nearly indi thick, and having 
10 feet 4 indies of clear length of heatii^ surface between tiie cast-iron 

heads into which it is screwed. 

A boiler of ^oo nominal horse-power is illustrated by figs. 336 and 337. 
There are fifteen vertical sections of tubes, placed zigzag, six tubes in each 
section, making 90 tubes altogether. The ends of tlie tubes of each section 
«ne screwed each into a rectangular box-castuig at each end, and these 
castings are connected by bracket-like hollow castings, as shown in %s. 338, 
which are means of communication and circulation from tube to tube. The 
rectangular c.istinj^'s abut on each other, and they form a compact wall or 
partition, by which the furnace-chamber is inclosed. Thus the bracket- 
junctions and their fastenings are protected from the direct furnace-heat. 
The tubes of each section are 10 inches apart obliquely, between centres ; 
and horizontally die tubes are 8 inches apart: forming a mass of tubes 
4 feet in total depth. They are inclined upwards towards the front at a 
slope of I in 4, being 28 inches higher at the fore end than at the back. 
The current of water and steam rises to the front, and is delivered from 
each section into an upper collecting pipe of cast iron, 8 inches in diameter, 
from which it passes by two 8-inch delivery-pipes into the drum at each 
end. The drum is of ^-inch plate-iron, 3^ feet in diameter, and 11% feet 
long. It is double-riveted in the longitudinal seami^ with S-inch lap and 
2}i inches pitch; single-riveted transversely, with 2-inch lap and 2-incfa 
pitch. The water passes from the dnim at the other end, downwards, 
through an 8-inch pipe, into the mud-drum, a transverse 9-inch cast-iron 
pipe, which is placed horizontally at the back of the boiler, at the lowest 
levd. From this pipe, the water rises by branch pipes into eadi section of 
tubes, and so continuous circulation is maintained. A 6-indi perforated 
pipe for collecting the steam from the drum is fastened to the upper part; 
it delivers the steam direct to the steam-pipe and stop-valve. The working 
pressure is 150 lbs. per square inch. The boilers are tested to a pressure of 
600 lbs. 

The boiler is inclosed by 14-inch brick walls, 10 feet apart; and at the 
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front and tiie back by cast-iron plates. It is roofed over by ardied fite- 
slabs in two thicknesses^ making together 6 inches, supported on cross 
girders. The roof slopes in order to econ<Mnize brickwork, and also to 

minimize the upper flue- 
spacc. There are three fire- 
places witl) grates, each 
2 feet 10 indies wid^ and 
5 feet 3]^ inches long, in 
two lei^^s of fire-bar^i 
making together an area of 
45 square feet of grate. 
The fire-bars are yi inch, 
with ^B-inch air-spaces. An 
opening can be made above 
the doorway for the admis> 
sion of air. The ash-pit is 
closed by an ordinary ash- 
pit door. One ilanie-bridge 
or partition is erected over 
the ordinaiy furnace-bridge^ 
so as to direct the draught 
directly upwards from the 
grate, traversing the water- 
tubes, then downwards 
again across the water- 
tubest into an undefgitnmd 
flue leading to the chimney. 
The flame -bridge consists 
of cast-iron blocks, one on 
each tube, held in place by 
a clip bolted to the tube. 

The heating surface of 
one tube is I2 square feet, 
which is taken as the unit 
of nominal horse -power. 
For 90 tubes the surface is 
1080 square feet. Adding 
65 square feet for the ex- 
posed area of die heads at 
both ends of the pipes^ a 
« »^ .-^ total heating surface of 1145 

Figs. -Root SectioiialSlanB Boiler. SeiJe t/ISfth. . ° . , . i 

square feet is obtained. 

Strictly, this area, for the given nominal power, 100 horses, allows only 
^^^B^ 1145 square feet per horse-power; and it is equal to 25.5 times 
the grate-area. Evaporation at the rate of 50 pounds of water per nominal 
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horse -power per hour, with 12 square feet of heating surface, can be 
effected 

The 8team<drum is fitted as Stollwerck's water purifier. The lower 
half of the druin, 

occupied by water, 
is divided longitudi- 
nally into two com- 
partments, each of 
which is subdivided 
transversely by a 
numberof perforated 
diaphragms. The 
feed -water is intro- 
duced into the drum 
at one end of one of 
the compartments at 
die back of the cir> 
culating downflow 
pipe, where it meets 
the hot water and 
steam delivered into 
the drum at Uiat end: 
mixing with the hot 
water, and slowly 
travelling through 
the perforated dia- 
phragms to the 
other end. Thence 
it crosses over to 
tlie other compart- 
ment, where it is 
met b\' the inflow- 
ing liot water and 
Steam, delivered at 
die other end by 
a cross-over pipe 
shown in the plan, 
337- Travelling 
slowly back by the 
second compartment 
to the first end of 
the drum, the feed- 
water, thoroughly 
mixed witli the other 
water of the boiler, 
course of circulation. 




riga 337.— Root Sccdaod Smm ttOm. Sol* t/lS«db 

passes away by the downiiow pipe, in the regular 
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In the course of its passage along the drum, the feed-water, heated 

approximately to the temperature of 
the steam, drops the salts of lime 
and magnesia, which are insoluble 
in hot water, between the per- 
forated diaphragms. The deposits 
are cleared out from time to time 
through manholes provided for the 
purpose. 

The nominal horse-power of the 
"new model" Root boiler is mea- 
sured by lo^ square feet of heat- 
ing surface. The weight of the 
boiler is 22}^ tons, and the price 




Figs. 338.— Root Boiler: Juac t iom of Tubes. 
8oriai/i6lh. 



is £^20t Of about £41 per ton of weight. 

THE SINCLAIR SECTIONAL STEAM BOILER. 

In the Sinclair boiler, figs. 339^ the pipes are stra^ht^ and are arranged 
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in two groups of several rows in each. They open into two flat stayed 
water-space chambers, one at each end, nearly vertical, and forming a front 
and a back to the boiler. The sides, tc^, and back are indosed by brick- 
work. The water^spaoe chambers open into a horiiontal cylinder at tiie 
upper part, at one side of the structure, which is above the level of the 
pipes, and is kept half full of water, as a storage cylinder, so that all the 
pipes are full. A second cylinder is placed directly above the pipes, and is 
used as a storage reservoir for steam. The fire-grate is placed underneath 
ant system of pipes; and there are three other pipes at each side of the 
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furnace, to guard the brickwork. Access is had to the pipes, through a 
round hole cut in the outer plate of each flat water-chamber, opposite the 
ends of each pipe, as in fig. 340. Each hole is fitted with a conical cover 
on the inside of the plate, drawn up to it fay 
a central bolt passing throu^ a cast-iron 
bonnet on the outside. The cover takes its 
bearing,' on the inner edge of the hol^ making 
an effective joint. 

The pipes are slightly inclined, the lower 
group indined upwards towards the fron^ over 
the fire, and the upper group inclined upwards 
towards the back. The water and steam 
ascend in each group into the water-spaces, 
whence they pass into the first cylinder, where 
the steam is separated and whence it passes 
into the reservoir at Uie top. 

The pipes are divided by deflecting plates 
or partitions, so as to deflect the burning gases rising from the fire-grate, 
towards the back and front alternately of each group — making five traverses 
over and between the pipes, — after which the gases pass off into a descend- 
ing flue at the back of the boiler; thence to the chimney. 

The Sinclair boiler of 75 nominal horse-power, illustrated by figs. 339^ 
has 115 water-pipe^ lap-wdded, ti^ feet in lengdi. Of these pipes, 109^ 
which form the two groups above the fire, are 4 inches in diameter, and 
}i inch thick; and the six others, flanking the furnace, are 5 inches in 
diameter. The two storage cylinders, for water and steam, are formed 
with dished ends; they are 4 feet in diameter and 16^ feet long. The fire- 
grate is 6 feet 7 inches wide and 6 feet in length. The length outside^ 
over the brickwork, is 18 feet, the width g}4 feet, and the height 18 feet 

The area of fire-grate is 39.5 square feet, and that of the heating surface 
is 1507 square feet, or 38.1 times the grate-area. These quantities are at 
the rate of about '2 square foot of gratc-arca and 20 square feet of heating 
surface, per nominal horse-power; evaporating i cubic foot of water per hour. 
The we^t of die boiler complete is about 24^ tons; or, without boiler 
mountings, 20)4 tons. The weight complete is at tiie rate of about 6}i cwts. 
per horse-power. The price of tfie boiler complete is £700, equivalent to 
£^ 6s. 8d. per horse-power, or to 29 per ton of weight 

THE LANE SECTIONAL STEAM BOILER. 

The Lane boiler, illustrated by figs. 341, is distinguished by two features: 
— ott^ the furnace^ which is constructed widi a deflecting arch of fire-brick, 
by the aid of whidi combustion is promoted and smoke i»evented in some 

d^^ee; and the circulating tube inside the water-tubes, in connection with 
vertical diaphragm chambers and a receiver at tlie fron^ for inducing rapid 

circulation of the water. 

The unit of the Lane boiler has been a water-pipe, 5 inches in diameter 




Fig. >40. — Sincbir Boikr: Pipe Fitting!. 
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externally, ^ inch thick, and lo feet in length, of which a length of 9 feet. 




between the cast-iron fixtures, — is exposed as heating surface. The tubes 
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are inclined upwards towards the front, at an angle of about 1 8 inches in 
9 feet, or I in 6. The internal circulating tube is 2^ inches in diameter 
outside, Na 12 wire-^uge, or about </«> inch in thickness. It is placed 
eccentrically within the water-pipe, — nearer the top than the bottom. The 
water-pipes of each vertical section are fixed at the front ends into the back 
of an upright square chamber, w hich is divided by a transverse vertical par- 
tition into two compartments. The pipes are closed at the lower ends by 
cast-iron plugs. The circulating tubes are fixed into the partition at the front 
ends, and open into the front compartment; and the^r reach down the water- 
pipes to a clear distance, at the lower end, of 6 inches from the bottom. 
With this combination, rapid circulation of water and steam, under a head 
of 8 feet, takes place, — water from the front compartment of the vertical 
chambers down the circulatin;^ tubes, and a mixture of hotter water and 
steam up the water-pipes around the circulating pipes into the back com- 
partment of the chamber. A mud-box is formed at the base of each diamber. 
A transverse blow-off pipe is laid at the back of the boiler, connected to the 
lowest tier of pipes. The heated water and steam rise through the inner 
hahcs of the vertical chambers into a cylindrical reser\''oir placed trans- 
versely on the top of the boiler; and the descending currents flow down the 
outer halves of tlie chambers. The reservoir is 2 feet 9 inches in diameter, 
and 8 feet 7 incha long, outside, of 7/16-inch plate, double-riveted longi- 
tudinally, with 9/16-inch plate for the ends. The ends are dished with a versed 
sine of about 2 inches, and are flanged to join the body of the receiver. The 
reser%-oir is di\ idcd by a lonc[itudinal partition, directly over the partitions 
which divide the upright water-chambers. The partition does not reach to the 
bottom of the receiver, so permitting the water to keep the same level on both 
sides of it The normal water-level is that of the centre of the receiver. The 
front and back compartments of ^e water-diambers are prolonged by pipes 
which rise into the receiver, and are slotted to permit the circulation of the 
water through their sides. The delivery-pipe is furnished with a semicir- 
cular bend, to deflect and throw down the current of water discharged, 
whilst the intermixed steam is separated. In the getting up of steam, it is 
observed that the water simply circulates through the slots ; but when steam 
is formed, the mixture of steam and water rushes into and is discharged 
from the bend. 

There are, as a rule, five pipes in each vertical section, and as each pipe 

pre«;cnts 1 1.8 square feet of heating surface, the group of five pipes together 
presents 59 square feet. The number of vertical sections provided is 
according to the boiler power required. In the present instance, there are 
eight sections of pipes, making 40 pipes in all; and the total heating surface 
is (59 X 8b) 472 square feet There are two furnaces, each 35 inches wide^ 
and 6 feet long as measured to the bridge. But the grate is only 5 feet 
long, in two lengths of bars. The area of each grate is 14.6 square feet; 
for two grates, 29.2 square feet. The heating surface is 16.2 times the 
grate-area. The working pressure is, by preference, from 80 lbs. to 100 lbs. 
per square inch, but it may be as high as 125 lbs. 
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The unit of nominal horse-power is the evaporation of 60 pounds of 
water per hour, from and at 212* and for this du^ 10 square feet of 
heating surface is usually allowed. The nominal power of the boiler is» 

therefore, (472-f iQas) 47.2 horse-power, although taken as 50 horse-power, 
and the evaporative power is at the rate of (47.2x60 = ) 2832 pounds, or 
47.2 cubic feet of water, per hour, from and at 212°. The grate-arca is at 
the rate of ,62 square foot per nominal horse-power. According to the 
results of rough tests, B}4 pounds of water has been evaporated per pound 
of coal; or 7 pounds per pound of commcm stack. Taking a mean rate of 
8 pounds per pound of fuel, (2832 lbs. -f 8 = ) 354 pounds of coal is consumed 
per hour, or 12. t pounds per square foot of fire-grate per hour. 

Mr. Lane states as the result of his experiments, that for sectional boilers 
of all kinds, a tliin bright fire is tlie best, — making as much of radiant heat 
as possibte. Each fire-grate, in the present instance, is overardied, for a 
length of 21 inches, with fire-bricks. Arches extending 5 feet over Ae fire- 
grate have been tried, and it was found that, though the combustion was 
better, with less smoke, than with the shorter arch, or in the absence of an 
arch, yet the evaporative etTiciency of the fuel was less; and he, with rccison, 
ascribes tlie diflcrence to the forced inaction of tlie radiant heat of the fire^ 
in the case of the long overarching. At the same time^ Mr. Lane says, it 
is not advisable to dispense altogether with tiie ardi, as smoke is producedt 
and cold air rushes amongst the tubes without taking part in combustion. 
••We can work," he adds, •'entirely without smoke by making the furnace 
very deep at the back, and by having the arch 3 feet in extent To work 
in this way, however, causes a loss of efficiency and economy in radiant 
heat not utilized." The deflector, or arch, he finds, " distributes the heat 
over the tubes more uniformly: any one part does not get too mudi, also 
the i^asQS cannot rush up and down and away.** 

The group of water-tubes is divided into two parts by a flame-bridge 
constructed of cast-iron blocks laid in, for the direction of the burnt j^ases ; 
the flame-bridge rising from the ordinary furnace-bridge. The gases rise 

and pass upwards through the first part of the 
group, and then descend through die second part 
to the chimney-flue whidi is constructed on the 
ground. In order to deflect the ascending hot 

^tK^DnomP^ "sade't^MT' ^^"^""^"^ upon and over the water-tubes, deflector- 
tiles, shown in detail, fi'^. 342, arc laid over and 
between the tubes ; and similar deflectors of cast-iron arc laid on tlie tubes 
at the back of the bridge. 

The boiler is mclosed in a space 5 feet 10 inches in width, between 
two 14- inch brick walls. The top is roofed in with 3-indi fire-tiles, sup- 
ported by cast-iron girders. The front and back are encased with cast- 
iron plates. 

In his most recent practice, Mr. Lane makes the tubes 12 feet in length, 
instead of 10 feet; he has also placed four additional tubes at the sides of 
the fumaceSk one at each side of each furnace, making 44 tubes in all The 
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weight of the boiler is about lo tons, and the price is CyjS^ or Cij, \qs. per 
ton. This boiler is reckoned to be of fully 50 nominal horse-power. 

THE BELLEVILLE SECTIONAL STEAM BOILER. 

The Belleville boiler, like the other sectional boilers already described, 

has a wrought-iron tube for its unit of construction. It is constructed 
in three series, according to the size of the tube: — 82 millimetres, 100 milli- 
metres, and 125 millimetres, internal diameter; or 3.23 inches, 3.94 inches, 
and 4.92 inches; and 7 millimetres, or .276 inch ia thickness. The tubes 
are fitted together in vertical sections {dimmts amcvibUs) placed side 
by side unthin a fumace^hamber, into ^ich of which the feed-water is 
admitted at the lower end, and from the upper end of which a mixture of 
steam and water is discharf:^ed into a horizontal drum {collccteur-cpuratcur) 
above. The tubes of each section do not receive separate supplies of feed- 
water, as in tlie English and American sectional boilers. They are combined 
spirally, in such a manner that the feed-water is supplied only to the lower- 
most tube, and winds its way upwards durough die tubes successively, in 
company with the steam that is generated from it in the course of its 
pro'^rcss. The boiler is only filled about half-way up with water, the upper 
tubes being occupied by steam only, with such water in a state of minute 
division as may rise in mixture with it. In the drum, the water is separated 
by centrifugal action from the steam; and thence the steam passes into a 
serpentine group of drying pipes {sMtmrdtwipmi^ in the uiq)ermost part 
of the inclosure, to evaporate such moisture as may pass with it from die 
drum. Thence it passes into the main steam-pipe. 

The drum is fitted as a purifier, in which lime-salts in the feed-water 
are precipitated on the principle already explained in connection with the 
Root boiler, — the precipitation of calcareous matter insoluble in hot water. 
This precipitate in a minutely subdivided condition is carried by the 
circulating water into a settling recdver {rk^ient-tUf^teur), where it falls 
to the bottom, whilst the clear water passes into the supply pipe {tub^ 
tollectcur d' alimentation) to feed the boiler. 

The unit of nominal horse-power is the evaporation of 20 kilogrammes 
of water, or 44 pounds of water, per hour. 

An example of the Belleville boiler, of 100 nominal horse-power, for 
stationary use, is given in 6gs. 343 and 344. It contains 108 boiler tubes, 
4.92 incheSk-^nearly J inches, — in diameter internally, .276 inch thick; 
making a diameter externally of Sl^ inches. The tubes arc disposed in 
six sections, of nine pairs of tubes, or 18 tubes each. They are screwed 
into sockets formed on cast-iron heads at each end; and are jammed by 
rii^ screwed up against the ends of the socket^ with metallic mastic. 
Each cast-iron head forms a connection between two pipes, and dius a 
continuous spiral thoroughfare from the bottom to the top of each section 
is established. The pipes arc 6 feet 8 inches in clear length between the 
sockets. The inclination of the pipes is 3j4 inches in their length, or 
I in 23. Two openings are made in the face of each head, opposite the 
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end of each tube, through which the tubes may be inspected and cleared 
out when necessary. They are closed by doors fastened by anchor bolts 




and nuts^ as shown in section in fig. 345. The steam that is formed in 
each section rises into^ and enters at the bottom of, the drum, to which 

the risinff pipe is connected with a simple conical joint. The drum is 
placed transversely above the boiler, out of reach of the gaseous products. 
It is shown in section in figs, 346. It is 19^ inches in diameter and 
6 feet 10 inches long, of plates nearly inch thick. The rising pipes are, 
in tiiese views, shown as screwed into the bottom of the drum. The steam 
with the entrained water are delivered into an annular space formed within 
the drum by a circular partition, and pass round the interior of the drum ; 
so developing a centrifugal action which determines the separation of the 
steam from the water and other foreign matter which may be intermixed. 



Digitized by Google 



SECTIONAL STEAM BOILERS. 779 

The quantity of water thus retained in the drum is from four to eif^ht times 
as nnuch as the feed-water, which also is discharged into the drum at the 
right-hand end The feed-water. is delivered in a divided state amongst 
the steam, and the lapid devation of its temperature in contact with die 




Fig. 344.— Belleville Sectional Boiler. Scale i/soth. 




F%h34S,-BdlniIhBoil«: SnB. Solei^sA. 



Steam causes instant precipitation of the calcareous salts in a pulverulent 
condition. The fresh feed-water with the precipitate in suspension, meets 
and mixes with the entrained water on the flat bottom of the partition, 
and they run off together at the left-hand end of the drum, down the 
connecting pipe to the settling receiver, which is 10 inches in diameter, 
and 39 inches deep. Here the solids are steadily deposited, to be drawn 
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off by a tap at intervals; and the clear water passes off by a short connec- 
tion at the top of the receiver, into the supply-pipe, or conduit, inches 
square; from which it passes up into the boiler. The conduit is connected 
to the cast-iron heads with conical joints, which can be broken with facilifry; 
as shown in fig. 345, which is a vertical section of part <^ the lowest 
cast-iron head of one of the section^ with a part of the water-tube, and 
the feed-water conduit. 

The steam-dryer, into which the steam passes from the drum, consists 
of twelve tubes, of the same diameter as the water-tubes, 6 feet in length, 
laid horizontally dose to the rcx^ of the fireplace side by side; and con- 
nected by cast-iron heads at each end alternately in serpentme fashion. 
The steam takes a zigzag course through the pipe, and passes out to the 
stop-valve and steam-pipe. 

The feed-water supply is regulated automatically by means of a float 
acting through an intermediate lever encased with the float, on an external 
weighted lever linked to the stem of a conical valve; detailed in figs. 347 and 





Fig. 348. — Bellerille 
Boiler: Detail of 
Conical Valve of 
Feed-water Rega> 
lator. SdOsXtli. 




1%. 349-— Bdtevill* Boilar: 
Sedti/Mlh. 



^V- 347-— BelleviUe BoUcr 

i/2o(h. 

348, by which the feed is regulated. The float is 5^ inches in diameter, 
and acts on the regulating valve with a leverage of 6}^. 

The rate of combostioa and the steam-pressure are controlled auto- 
matically by means of an upright pressure qrlinder, inches in diameter, 

which is filled with water, fig. 349; in communication with the boiler and 

subject to the pressure of the steam. A spindle, i inch in diameter, passes 
through the cover and forms a connection between a spring within the 
cylinder and a lever outside, the longer arm of which is pinned to a swivel- 
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ling damper. The actuating pressure is measured by the sectional area of 
the spindle; and it acts Uirough a reducing lever, in the ratio of about 
50 to I, on the lever fixed on the damper-shaft. 

The boiler is inclosed in a furnace -chamber 6^ feet wide, between 
two 14-inch brick walls, with a back wall of brick, 14 inches thick behind 
the boiler, and 20 inclics at the back of the furnace. The fire-grate is 
about 7 feet long and 6^4 feet wide, making an area of 43 )4! square feet 
The products of combustion rise between the water-tubes, partially baffled 
by deflecting plates, till tiiey reach the upper part of the chamber, envelopii^ 
the steam-drying pipes and passing over to and through the swing-dampers 
into the descending flue to the chimney. The 
fire-bars are formed alternately straight, j/z inch 
thick, and zigzag, ^^/^ inch thick, as in figs. 350. 
The bars thus placed in frequent contact are 
solidly disposed, and support each other. The 
triangular interspaces for air thus formed are 
'S/ja inch wide at the apex. By this design, it 
is stated, the bars are kept comparatively cool, 
and the adhesion of clinker is prevented. 

Steam is discharged in jets over the g^te, 
in order to improve combustion and minimize 
smoke. 

The Belleville boilers are stamped for a pres- 
sure of 12 atmospheres, or 165 lbs. working 
pressure per square inch. The working pressures vary from 105 lbs. to 
165 lbs. Such high pressures are chosen in order, with a high temperature, 
to effect the separation of the salts in solution. The loo-horse-power 
boiler is guaranteed to evaporate 4620 pounds or 74. cubic feet, of water 
per hour. 

The jury of the Nice International Exhibition of 1883-84 state in their 
report results of official trials of the Belleville boilers on the advice-boat 
Voltigeur, using Anzin briquettes: — 

WaMr par PMnd of IteL 

Fires urged to their maximum 7.31 lbs. 

Fires urged for the normal power.... 8.30 

Fires working slowly 8.92 




Scak t/roth. 



n 



The jur>' also give results of comparative tests, made at Paris, of a 
Belleville boiler using semi-bituminous Anzin coal at 14^. 6d. per ton, and 
a tubular boiler using Anzin coal at 17.^. gd. per ton. The trial lasted 
468 hours on the ordinary service of the factory, and the water evaporated 
per pound of coal was — 

In the BelkvDle boHer, 8.90 ttw. 

In the tnbukr bdler. 7.19 „ 

At the Nice Exhibition, comparative trials of Cardiff coal, Port-de-Bouc 
briquettes, and Fortes briquettes, were, in May, 1 884, made in a boiler of 
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lOO nominal horse-power. The coal cost $7s. loyid. per ton, and the 
briquettes respectively 2()s. and 34^. pa* ton. The grate-area was 
39.7 square feet, and the heating surface was 1263 square fee^ or 3 1 .8 times 
the area of fire-grate. Steam was generated under pressures of about 

1 1 atmospheres, or 1 50 lbs. per square inch, and was blown off direct from 
the boiler. The leading results are abstracted in the following table: — 

Table Na 161.— Bbllevills Boiler: Trials at Nice Exhibitkhv, 1884. 



No. of trial , 

Barometric pressure 

Ex tenor tetnpenttureM... 

Temperature in the boileMOom 
Duration of trial 

Designation of fuel | 

Fuel consumed per hour 

Do. do. per scjuare loot of grate 

Ash and clinker, per cent 

Average working pressure, per I 

square inch / 

TempenUnre of feed*«ater 

Water evapomted per hour.... | 

Da do. per square foot of grate 

Do. per pound of coal 

Da do. from 32° F., and at the ) 
woridqg p iess ui e of 60 lbs.. / 



I 


2 


3. 


4 


30.3 ins. 


30.3 ins. 


30.3 ins. 


2Q.7 ins. 


68* F. 


68«.9 F. 


68»F. 


70" F. 


7a«.5 F. 


74^3 F. 


73 ' 4 F. 


76 . 1 F. 


3 h. 43 m- 


3 h. 29 m. 


4 h. 5 m. 


4 h. 7 m. 


briquettes, 


Cardiff 


briquettes, 


briquettes, 


Bouc 


coal 


Bouc 


Portes 


498 lbs. 


461 lbs. 


541 lbs. 


48 2 lbs. 


12.5 „ 


11.6 „ 


136 „ 


12.1 „ 








".1% 


150 lbs. 


150 lbs. 


150 lbs. 


151 lbs. 


68'. 5 F. 


65° F. 


63°.S F. 


75° F. 


4508 lbs. 


4605 lbs. 


5009 lbs. 


4763 lbs. 


72.2 cu.it 


73.8 cu. (t. 


80.3 cu. ft 


76.3 cu. ft 


x.8a „ 


1.86 „ 


2.0a „ 


X.92 „ 


9.06 lbs. 


9.98 lbs. 


9.a6 lbs. 


9.88 lbs. 


&9X „ 


9-84 i> 


9.16 „ 


9.66 „ 



Samples of the feed-water were taken before entering the purifier, and 
after leaving it The second samples were allowed to settle for 12 hours, 
when the solid precipitate was analysed and measured. At 68" F. the 
follow ing were the respective proportions of the solid matters per gallon of 

water : — 

Wb6bt or Salts m Gallon. 

After PrapoitknB 
PttriScttiaa. Praapitatad. 

... .70 graiss. 83 

•.. .9* » 96 

... .84 „ zo 



Cazbonateof lime 4.21 grains. 

Sulphate of lime 33.56 „ 

Uagnesia 8.4a „ 

36.19 



n 



8.5a 



93 



THE SH£PH£RD SECTIONAL STEAM BOILER. 

The Shepherd sectional boiler, constructed by Messrs. James Watt & Ca, 

consists of two or three rows of independent upright vessels, partly conical 
and partly cj-lindrical, fastened respectively on two or three horizontal 
cylinders or tubes. The design of a triple-row boiler is shown in figs. 35 i. 
The bottom cylinders, three in number, are each 2 feet in diameter, and 
16 feet in length, supported on cast-iron seats laid on brickwork, at 2 feet 
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4 inches apart between centres. On each cylinder six conical vessels are 
fastened by 6-inch necks. They widen upwards from 6 inches to 2 feet 
in diameter at the cylindrical head; and they are 6 feet hig^ or, including 




Figs. 351.— The Shepherd SectioBal StMUB Boiler. Scak ^6fih. 



the necking, 6yi feet high. They are placed at 2 feet 4 inches apart 

between centres. A 3-inch necking is fixed on the top of each conical 
vessel for the escape of steam, which is collected by 3-inch transverse pipes, 
one to every transverse row of three vessels, from which it is delivered into 
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one 6-inch main pip^ on which the steam stop-valve and the safety-valve 
are fastened. 

A 3-iiich hand>hole is cut in the top of each conical vessel, closed by a 
cover and a ^ngle bolt and nut The fire-grate is placed between and 

surrounding the conical vessds at the lower part, with a brick bridge at the 
back; and the burnt gases pass between and round the conical surfaces to 
the back of the furnace-chamber. They there descend, and return to the 
front between and under the bottom cyhnders, at one side, whence they 
pass again to tlie back and into Hie diimney. 

To guide the draught, a flooring or covering of iron plates is laid, form- 
ing the bottom of the flueway to the back, and shiddittg the connections 
with the bottom cylinders from the action of the ga?cs. For the same 
purpose another layer of iron plates is placed at a lower level, forming the 
tops of the bottom flues. The roof of the flueway or furnace-chamber con- 
sists of flre-day blocks laid in just under the water-level in the conical 
vessels. Above this roofing a covering of iron plates is laid in, round the 
heads of these vessds. 

The working pressure is 1 50 lbs. per square inch; the hydraulic test' 
pressure is 300 lbs. per square inch. 

The length of the boiler over all, exclusive of brickwork, is 16 feet, the 
width is 6^ feet, and the height above the floor-line is 9 feet The area of 
fire-grate is 26.18 square feet; and the heating surface is 529 square feet, 
or 2a20 square feet per foot of grate-area. The capacity for water is 
293 cubic feet ; and for steam, 87 cubic feet; together 380 cubic feet The 
weight of the boiler complete is 13.17 tons. 

Many Shepherd boilers have been sent to India and other countries 
where tliere is great difliculty of transport 

Two days' trials of tliis boiler were condiicted by Mr. Henry Hiller 
in March, 1879. They lasted nine consecutive hours on each day. The 
coal used was Buigey, of good quality; fairly round, with not mudi slack. 



Table Na 162. — Shki hkrh Sfctional Steau Boiuer: 
Results ok Trials. 





I 


a 


Mean 


Average working pressure in the boiler, ) 


79 ft". 


6a^ lbs. 


72.25 lbs. 




339 » 


364 n 


3S» » 


Do. do. per square foot of giale-area 


".95 


13-90 


13-43 








^3.7% 








So'.7 F. 




2827 lbs. 
45.3 cu. ft 


3200 lbs. 
51.3 cu.ft 


3014 lbs. 
48.3 cu. ft 


Do. do. per square foot of grate-trea 


1-73 » 


1.96 „ 


1-85 M 




8.33 lbs. 


8.79 lbs. 


8.56 lbs. 




9-98 n 


10.48 „ 


10.28 „ 


Tempentttie cf gaaes in tiw flue to the 1 




590' to 700° 


620° 
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The test commenced each day with a thin clear fire, and was ended with 
the fire in the same condition. The avcra^j^c depth of fuel on the first day 
was about 6 inches, on the second about S inches; each side of the furnace 
being fired alternately. The fires were cleaned once in the middle of each 
day, and at tiie end of the fast da}r*8 test On tiie first day c^tening of 
the damper was regulated to meet the varying requirements for steam; on 
the second day the damper was kept in one position for the whole time. 

MILLER'S CAST-IRON SECTIONAL STEAM BOILER. 

The cast-iron steam boiler, figs. 352 to 354, designed by Mr. J. A. Miller 
of Boston, U.S.A., was introduced into England by Mr. John Laybourne in 
1869.^ It is constructed of a series of separate cast-iron sections, joined 
together at the base of each by flange-joints. The sections are of two 
patterns only, each of comparatively small size, so as to contain only a 
small quantity of water. Those at die front end are fl-shaped tube% 
which, side Inside, form a succession of arches over the fire-grate, as shown 
in figs. 353 and 354. The rear sections, fig. 352, consist each of five vertical 
tubes cast in one piece, united by a transverse horizontal tube at the bottom 
and one at the top; and finished at the top with a llange-joint, upon which 
a cover is fixed. The sections are bolted together at the bottom by flange- 
jomts^ forming continuous longitudinal tubes at the bottom of the boiler. 
The tubes of tiie fire-box secti<His are 7 inches in diameter tnnd^ witii 
2 feet 4 inches width of arched opening, which defines the width of the 
fire-grate, as .shown in fig. 353. 

The vertical tubes of the rear sections arc taper in form, 4 inches in 
diameter inside at the bottom, and 6 inches at the top, and 2^ feet long; 
averaging 2 inches clear. The tubes of consecuthw sections are flanged 
zigzag with each other so as to break up and mix the hot gases. The 
castings are indi thick; the rear sections we^ 10 cwts. each, and the 
front arched sections, 5 cwts. each. 

Circulation of water is maintained tlirough the tubes by means of 
mid-feathers and internal tubes, as shown. Steam is collected in a hori- 
zontal lo-inch main above. 

The experience of 2>^ years of continuous working showed that when 
the boiler was periodically blown out under pressure, sediment did not 
injuriously collect in any part exposed to the heat of the fire or the flue, 
whilst the cast iron bore the heat of the fire without injury. 

An automatic feed apparatus, designed by Mr. Bcrryman, is shown in 
fig. 352. A hollow cast-iron ball, suspended from a counterpoised lever, 
is connected by two ^-inch pipes, at tiie top and the bottom of tiie ball, 
with the boiler at the high-water level and a lower level When tiie level 
falls below the end of the upper pipe, steam flows into the ball, which is at 
its highest level, and the feed-cock is opened to the boiler. When the 

* See "DeiGriptlon of lOet^s Caat*inm Steam Boiler," by Mr. John Laybourne^ in die /¥»• 
auStigs of the ImtUuiiM 9f Mtekdrnkal Et^hutn^ 1871; p^p ^63. 

You 1. S* 
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water level rises and doses the upper pipe for steam, the steam in the ball 
condenses, the ball fills with water and falls, shuttino' off the feed ; and so <m. 




The effective heating surface of each rear section of the boiler is 23 square 
fec^ considered equivalent to 2 horse-power; and that of each arched sec- 
tion, above the levd of the fire-grate, is 7 square feet, also of 2 horse-power. 
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A boiler of this class, erected at Isca Foundry, Newport, had eight 
arched sections, and 14 rear sections, giving 378 square feet of heating 
surface, with 17 square feet of fire-grate surface, bearing the ratio 22.2 to i. 
In a series of experiments made upon this boiler, by Mr. Joseph Tomlin- 
son, with several kinds of Cardiff steam coal, the rate of evaporation ranged 
from 37 cubic feet to 45.3 cubic feet of water per hour; and the efficiency 
ranged from 9137 pounds to 10.15 pounds of water per pound of coal; die 
coal consumed per stjuare foot of fire-grate being from 13.53 pounds 
to 16.77 pounds per hour. The temperature of the feed-water was from 
56' to 70 F. The temperature in the chimney-fiuc varied from 500° to 
575° F. The fire-bars were }i inch apart This bcnler has been removed, 
in consequence of the priming of 
the boiler when worked with bad 
water. 

THE WARD SECTIONAL 
STEAM BOILER. 

The Ward boiler is the invention 
of Mr. Chas. Ward, Charleston, U.S. 

As shown in figs. 355, it is a ver- 
tical boiler, cylindrical in outline. 
The foundation of the boiler is a 
drcular hollow tube of cast steel, 
3^ inches in diameter internally, 
}i inch thick, formed to a circle 35 
inches in diameter, extreme. This 
ring is supported by the ash-pit, 
and it carries the fire-grate, which is 
26 inches in diameter. The furnace 
is circular, and is formed by vertical 
tubes of wrought iron, placed cir- 
cularly, zigzag in plan, their axes 
being alternately 16% inches and 
I4j<^ inches from the axis of the 
boiler. They are screwed by their 
lower ends into the base-ring, and 
into a drum at the upper part 
They are 72 in number, 1.38 inches 
bore, .14 inch thick, and from 3 feet 
1 1 \{ inches to 3 feet 2 inches in 
length. The drum forming the 
upper part of the boiler is in two pieces, the lower piece being of cast 
sted, inch thick, 14^ inches in diameter externally; the upper part of 
wrought iron, 14 inches in diameter outside^ riveted to the lower. The 
total height of the drum is 3 feet iol4 inches. 

Into the bottom of the drum three circular rows of i.jS-inch hanging 




Figs. 355.— Ward Sectional Steaj]> Boiler. Scale i/a4th. 
WidiDiMaarTiitab 
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tubes are screwed, closed at the lower ends by screwed caps, numbering i6, 
8, and 4 tubes successively; and 26^ inches, 23 inches, and 21 inches in 
length. They have each a 9/16- indi brasa tube; fixed within them for 
promoting circulation. 

Table No. 163. — Ward Sectional Steam Eoiler: Results 

OP TRIALS, 1884. 



Semi-bitumin- 
oua. wiiK Blast 
In-- 



Working pressure Of ) Atmospheric. 

steam ])cr sniuire inch ) ' 
Fuel consumed per hour 49. 7 lbs. 

Da da per sq. 1 

foot of giate. / 

Temperature of feed-water 

Water evapoiated per houri 380.0 lbs. 

Do. per pounds 
of coal as from and at V 

212" F J 

Heat utilized in evapo-'\ 
ration, in parts of the I 
total heating power ofr 
the fuel ]' 



13.5 lbs. 
66°. I F. 



8.81 lbs. 



64.4% 



160.7 Jbs. 
230.5 lbs. 
62.5 lbs. 

69^6 

1 219.6 lbs. 

6.34 lbs. 

46.0% 



Aathwcit*. 



Atmospheric 
29.1 lbs. 
7.9 lbs. 

65^9 
217.2 lbs. 

8.59 lbs. 
71.7% 



Anthradie, with 



I t6.83lb6.tO 

\ 240.96 lbs. 
60.4 lbs. 

16.4 lbs. 

67^3 
/408.1 lbs. to 

I360.9 lbs. 

8.28 lbs. to 
7.26 lbs. 

[66.7^ to 



{ 



The boiler is inclosed by two concentric sheet-iron casings, ^{ inch 
apart, the inner casing being lined with 3/i6-inch asbestos board as a non- 
conductor; 38 inches in diameter outside. The chimney is of sheet iron, 
1 1-^ inches in diameter inside, 24 feet high above the level of the lire-grate. 

The total external heating surlace is 145.8 square feet; calculated 
internally it is 121.6 square feet The area of fire-grate is 3.69 square 
feet. The weight of metal in the boiler, excluding the chimney, is 1652 
pounds; of the asbestos, 30 pounds; of water at 60' F., 248 pounds; 
together, 1930 pounds. 

This boiler was tested in the New York Navy-yard,* in June, 1884, 
with the results diown in table Na 163, above. 

^ See Xtport made to tkt Bureau of Steam Engineerings U.S.; September 10, 1884. 
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It is A BOOK roR THE HOUSEHOLD, being of valuo and interest to all its members, 
old and young alike. It is in itself a liberal education, and, indeed, the best Popular 
Educator, and it will be found of the highest service to the younger members of families 
in the prosecution of their studies, and especially in the preparation of their written exercises 

It abounds with pictorial illustrations, many printed in colours, which extend to above 
200 pages of Engravings, including over aooo separate figures. In addition, th' re is a series 
of coloured Maps, forming a valuable accompaniment to die geographical and historical 
articles. 



It la a Uahmaal Oaaatlaer. 
It ia a Univaraal Hiatoiy. 
It la a Biographical Dictleaaiy. 
It ia a Coinmcrcial Dictionary. 
It is a Oictionaxy of Political Tliaoriaa and Pacta. 
ttiaalNetlanaiy.artha 
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Btackit & Son's PublicatioHS. 



NEW EDITION—REVISED AND GREATLY AUGMENTED, 



OGILYIE^S IMPERIAL DICTIONARY 

OF THE ENGLISH LANGUAGE. 

A COMPL£T£ £KCYCLOP£DIC LEXICON. 
LITERARY. ETyMOLOGICAL. SCIENTinQ TBCHNOLOGICAU AND PRONOUNCtNa 

By JOHN OGILVIE. LL.D. 

NEW EDITION, CAREFULLY REVISED AND GREATLY AUGMENTSa 

KDITBD BY 

CHARLES ANNANDAL&, M.A., LL.D. 



nXUSTRATBD BY ABOV E THWBB THOU8AWP BHORAVIHOB ON WOODk 

7^itt$ii^li^m E^JtUm DmuuUt tS^faftrtmnt «f J». «kI; trim Ant Vtbam, 

im^triai 8»»^ dM, at ^s. mek. 

The recepHon accorded by Uie press and die pubfie to this new editioB of the 
tNPXlUAL Dictionary has been such as to show that the care and labour bestowed upon 
it have met with due recognition, and to prove that it will continue fully to niaintain its 
established position as a standard lexicon of the English language, and as a work of the 
highest utility for the purposes of general reference and everyday requirement 

The four volumes of the new edition comprise a total of 3000 pages, each consisting 

of three columns closely printed in a clear and distinct m:inner. The number of words 

now contained in the work is estimated at not less than 1 30,000. 

Of modern terms belonging to science, technology, and the arts, a very complete 
collection will be found in this work. The number of such words introdtioed in recent times, 

and now continually to be met with in periodical and general literattoe^ is so great that 
a dictionary explaining such terms is indispensable. 

As an Encyclopedic Dictionary the Imperial combines the advantages of an ordinary 
dictionary with those of an encyclopedia. And as there are many objects and terms 
of whkh no adequate description or definition can be given by mere words, this dktiaiwiy 
does not rely upon verbal description alone, the definitions being supplemented by npwaids 
of jooo accurate and beautiful wood engravings. 

OPIMtOm OP THB PRB88. 



"So far M vMabnlaiy ud iRUBest an coooened, 
«• ihould not wkh Ar Myd iii better than the new 
'iBpoUL' Few, oeevl ipeddfaii. an liMjr t» canu 
MMiB MnsMt 10 be band here; nd thedefioilieMera 

MBBTim and inteBl[iHr. dcrelopiiig into '****^**^ «|ftaM> 
tioM vbere iwewwry. The etymology it deer Md flOBCbe, 
•ad the itlustraticMie an eofioB^ awNprieM^ and well 
amcutcd."— Timtt. 

** Beyond all question the fullest and most faithful record 
ia CJOetence of the English language in its present stage of 
de«elapaual> The Imperial Dictionary in its rerised form 
wiD at aay tato eem tbe reqajreaieati «f the pteeent geaef- 
adea.*— Snum m. 



"In every particular ihb new edition of Dr. Ogflvie't 
vorfcii a great advance upon the old one. The encyclopedic 
■elbod of tteattMat arbicfa hat beea adopted will ba iand 
afAe cieaM tervie^ aflbidbv aa b daea to ^ leader tha 
advaatage d tbe orAuuiy d i ttkmaiy combfaMd witli Aoea 
of tbe encyclopedia. SciemMc and tediwical term are 

fully represented "—i<rt»a*«fll». 

"A monument of patience, industry, and good work 
From beginning to end it has received the same thorooKh 
and coiucientious care: it is copious, it is trustworthy, it is 
beauliMIr Ohwtraled, and it is admirably printed. It will 
be ibr aoajr year* tbe amt highly valued of EagJiA die* 
teatiea.'WffiiOTdv M«plm. 



Blackie & Soiis Publkaiums, 
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To be ooDplcled in 14 parts, stiper>royal 8vo, at ai. each ; or in 4 divisions, stiff ptpor cover, at Jt. cadi^ 
fonning one hudsooie volnme; or in 4 divisions, cloth, it 9r. ciidl. 

The Household Physician: 

A Family Guide to the Preservation of Health and to the Domestic Tkkatment of 
Ailments AND Disease. Bjr J. M*GkigOE-R01IBETSON, m.b., cm. (Hon.). With an Introdactkm 
by Professor M'Krndrick, m.d., ll.d., V.H^., Glasgow University. Illustrated bj aboot 4OO figBm 
in the text, and a series of 19 Engraved Plates, many of them printed in colours. 

This wotIc is written in the sunplest pouible laogu«ge, and includes full inforoMiioo on the coDditioas of health, and 
on the ordinary means, as regaida loodt doTWufc mfuim, A&> by liwltfl niy bt — ™'"-*^ m Hm iofint ■»«■■ 

■M in the full-grown person. 

The book Heats of the human body in heahh, aad A* wisiu chanKes produced by diMIM. On Hypenc, or the 
conditioiM of health as regards food, drink, clothing, OKerctM, ftc, and the nilca to ba obiM loil Ibr tho giwimnriwi of btalth» 
both of individual* and communities. An explanaticm of the nature aad mode of acdMl of drags aad Mfcar lOMtial SgcMfc 
On Bittbodi of dcafiai wiib Aoddcatt and EnaicDciBi^ and on vaxiaas nqiAia^ awgical Braslaisar. Abo a 



In 14 partly aqwr>rafal Svo^ Ex. each; or I lai|e voL ckMb, ym. 

The Comprehensive English Dictionary, 

Explanatory, PRONorNciNC, and Etymological. By John Ogii.vik, m,.i)., Editor of the 
Imperial Dictionary. The Pronunciation adapted to the best modem usage, by Richard Cull, F.S.A. 
lUnatnted bjr above 800 Eogmingt on wood, aad a Series of Engiaved Plates. 

TUs Dictiaaary coottfaw all EogUsh words in presont VK, nuniaous phrases, many foreign words used by English 
wiilen^ Bd dMSMis inpaitaat Tacbnial and SdaaiiScTsnH. It ia basod on Wobuor, the b^oial Dietionanr, aad 
other authorities. 

" // tnly rtmaim /or us to trty, without any rettrpt, that this it unpmtiMahfy tki htti Dtctitnary of tJu Englitk 
kmgvagt, «/ it! site anJ ttefe, that ha* ytt af^itrtd, atul tk«r*iuUy dairpiM to AaMim the stoMdant/tmify mml aol**^ 



In 21 parts, imperial 8vo, at 2s. each; or 7 divisions, stiff paper covets, at fu. each; also in 
6 half-volvnes, doth cxtia, at 9». fir/, each. 

The Popular History of England, 

Civil, Military, and Religious. From the Earliest Times to the close of the year 1S85. By 
Charles Macfarlane, author of "The Piaohal Hi&tury of England," &&; and Thomas Archer, 
F.K.R.S., anAor of Yean of Sodal and PolMcal Pi^greais'* Ac. nhmfated bjr nrnnerans 

Design^ Aottaentic Portraits, Costumes, Maps, && 

Tw Fofvuut HtSToav er XmLAm jwiUhi its dtle by the flHodnol. yat sii ttd M l ly — pie aad UgUy imw m ia E 
manner kwUdi Ibt mljecis am iicatodt br its nwderate price, and «Mmii««aariaa of pktorid TboM but 

OOnprise representations of important events from pictures by eminent anSsIa, groups of portraits of sovereigns, statesmen, 
warriors, philosophers, and philanthropists, the modes of dress at various periods, and several useful maps. When compleled 
the Uiirl: will form Elin-'- lar.:? h.indscme volumes, which for gciicral .attractiveness, OOpiOSBBeiSOf ittSSBMlo^and audonla 
price, will compare favourably with any History of England hitherto published. 



b 14 pail% sqMMoyal 8«o^ at sc. eadi} or 7 dOvisioas at 4^. eadi; also e vols, at ijt. eadL 

The World as it Is: 

A Popnlar Account of the Countries and Peoples of the Earth. By Geo. G. Chisholm, m.a., Editor 
and TrBadator of **Siritaeflaiid: Us Sceoety and Its People** Profiudj Ulasttated by over 300 
Eagntviags^ aad a series of Maps and Plates printed in coloan. 

This work naturally diviiic^ itself into three section* TVr ':> it conlnrA that belong* to the <)c-i rijitiim of the world 
an a whole, ar\:\ not sjieciatly to any of its dtvi\ii:ms. I he itn^rui draU with the dewrriptive anil political K'-'^sruphy of the 
world. These two sections arc illu'trated by numrnins diagrams, virw, of intcreoting localities, and j;r<nnis of the 
inhabitants, inter%perst <! ihruugh the tejit so jilcntiful!y that one is to l>c met with at almost every other openiiij; of the 
book. The Mjr./ \rt::. n composed of a h^t of abcut lo.orrj Keographical naino, whose pronunciation is shown by 
being n-written according to as easily nndcrstood plan. A c<^ious Index will he added, whereby all tha iafonnatiom 
a otahiwI ialhnboebaaibeaMdeiaadlly a c c aii ibliL 
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BUukie & Mi Pubiitaiions. 



la 18 parts, »upcr-royal 410, at ts. eadi} in 6 divisioitt at (u. each ; and also in a volumes, large 410^ 
elcgaiuly bound in doth, gilt edges, price 24^. eadu 

The Natural History of Animals 

(Class Mammalia— Animals which Sickle their Young), In Word and ricttm ^ 
Carl Vogt, Proressor of Natural History, Geneva, and Fkikorich Spkcht, Stuttgart. Translated 
md Edited by Gia G. Crjshoui , M.A., b.sc. Illustnted bgr above 300 fiiw Engmviqss on wood. 

This account of the aaimab cooprised id the clus Mammalia has a decidedly popular character— not through ladt 
of scientific value, but because the author presenu the facts in an attnciiM fiann, and auidies taiaioalh the paib of tboM 
who can give only their leisure houn to learning the results of rritntifc veMifch. The anthoi^ ityla is aim* all disiics 
clear, simple, aad dkact, and wkere occasioD oOen, li¥e)y sad 

TlwaRist has poii iay ad la ika moat apbiiad MUtarUw aaimak as they appear in diawiad tlnumitannii af ml 
Mfc^jaqaawofdMirpwy, caw Ming liMiryoiBitcBa^ araporiiay with their Tlw angiaviafs ham beea eaemud 

hi tha caiefid and A^had aMoaar, imdar llA Spadtf a am diiaaiM. 



In S diviiioni at eedk; or paita at ai. fiA eadis alwsvob.dotbeitia,gjkcdgei^ prioe 35/. aadi. 

Pictures and Royal Portraits, 

IlXVSTRATIVK OF ENGLISH AND SCOTTISH HISTORY, from the Introduction of Christianity to the 
Picsent Time. This Woric will comprise a Series of 69 MagnificeBt Plates engraved on ited in die 

iTinst finished mnnner, with descriptive Historical Sketches, by Thomas Archkr. Printed on fine 
mcduun quarto pa|jfr, fottning 2 clcj^ant volumes, cloth extra, gilt eilgcs,wilh richly oriiaiiieiiied boards. 

"Pictures and k' j J I'ortrails" will present a siri". line engravings of historical de)>isns, beautifully executed 
in steel, and produced in a new and attractive '■ivV, whiili impans to them the appearance of highly-Amshcd drawings 
in sepia. The scries will include faithful r^coductioos of inipoitaat painlings by son« of ths matt aflunent historical 
ffiiHifffff of dt€ praacaft Bs w t u i y 



In 44 part^ demy 4to, at t$. each; or in 6 volumes, artistically IxHind in doth extra, 

with olivine ti\'^<.-\ at lit, 6dl 

The Works of Shakspeare, 

K -vised from the best Authorities; wi-.h a Memoir and I''ssay on his Genius by HryAN W. T'RnrTER 
(liarry Cornwall), Annotations and Introductory Remarks on the Plays by Distinguished Writers, and 
nmneRMS Illnatnitlve Engimving* fiom Designs by Kbnny Meadows and T, H. Nichouon. 

The most distinctive, as weQ as the most attractive feature of this edition of the Works of Shalupeare oonsiats in the 
pictorial ilfaisiatiaiis with wiudi it is socQpioualyoBiidwiL These ai« upwards of 790 >» uumbcr, and bring most vividly 
balhn dM raad« tha soMM and McidoMB oceoniaK b dm ^fliMBft plq» 

By &r the giaaMr aumbar ai« by tha waU-known artist Rbmmt Maaoom, and so taipeiiant ara dieie iUuatiadaw 
thai the adiiioa of wfakh they Ibtm a pan has been appropriately aaaed die Kttu^ M mivm SMh^rt , 

Each play it accompanied by an original intra^Ktion, and expUnatory notes from the pens of vaiions wfiters dis- 
tingnished Cor their critical acumen and their wide icBOwicdge and high appreciation of Shaktpeare'a wiidaflfc Altasether 
lUs wgiii wiD ba liMoid aet HBimthy of him «)w " was sot of an agi^ bat lor all dM.' 



In 17 parts, extra demy 8vo, at zs. each; or 5 volumes, cloth elegant, gilt edges, at &. fxL each. 

NEW PICTORIAL EDITION. 

The Works of Robert Burns, 

With a series of Authentic Pictorial Illustiationa, MaiBtall Glossary, numerous Notes, and Appendixes* 
Also the life of Bums by J. G. LocKHAKT, and Eaaayi on the Genius, Character, and Writings of 
Bums, by Thomas Caklylb and Professor Wilson. Edited bjr Charles Annandalb, 11.A., U.DU, 
edUtor of the "Imperial Dictionary,'* Ac 

In this edition of Bums his writing- arc pre»enteJ in two tiv li m-., ;lit n: r rni.taiiiinj the pnetr)-, tV.e other the proNc. 
HarKinal explanations of Scottivh wnnis accomjiany each piece liuit reiiuires ^ul;h aid, enabling anyone at a glance to 
apiitehetid the meaning of even the niu^t di.ficult passai;es. 

The PictoriaJ Illustrations, which consist of Fifty-six beautiful Landscapes and I'ortraits. engraved 00 steel ia the most 
finished manner form a very ditiinctive feature of this edition. The Landscajie^ embrace the principal WMMS idettiSad 
with the Life and Writings of the Poet, and are from pictures painted by D. O. UJU., R.S. A. 

Altogether in ao other edition is so much light tlmWD from all points of viev opon Ama dM poat aad Buna die awt, 
and it aaay ihenltfs be mid le ba cotaplctad in the beat sense of Iha wonL 
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In i8 parts, demy 8vo^ 2/. each; also in 6 vols., cloth elegant, 7^. dd. each; or with gUt edge% 

The Casquet of Literature: 

A Selection in Poetry and Prose from the works of the most admired Authors. Edited, with 
Biogiaphical and Litenury Notes, by Chari Gtrhon, Author of "Robin Gray/' " For Lack of Gold," 
Ac. Illustrated with Namerous Engravings., exqui^iiicly executed on itecL 

The CuQim- tanuim wan (haa a Thovsamo SBUcmnit from dw worioi of «|iwanii of Fiva Himouo 
AtrrnoRS, aocompanied by about Fow Hundred Biographical and Litmry Notes. Whilst lha chiaf idn is la aflMl 
ctiancteristic apecimww of the writings of modcn Poem Noveliits, and Euayiii^ extmcis are given nlaa ftaai dw woifcs 
«f aariy and claswcat MlhwSi 



la 14 puts, ar. oMlii or 4 DOb., super-royal 8vo^ doth e^gaat, Si; M etdi. 

The Cabinet of Irish Literature. 

A Selection from the Works of the chief Poets, Orators, and Prose WifteiS of IreLmd. F.dilctl, with 
biographical sketches and literary notices, by Ckarles A. Read, f.r.h.s., author of "Tales and 
Stories of Irish Life," " Stories from the Ancient Classics^" &c Illustrated by a scries of 32 ailmirabie 
Pontnits to aeiodiRMiiek apediUf pit|Mi«(l for this woric 

The Publuhers aim in this \V,,rk lo supply .i ^innvlirJ w.irk in which the genius, the fire, the p.itlifi-;, ific luinu 'ir. m\k\ 
the eloquence of Irith Litcmture are adequately represented. The specimens selected, which are arr.iiigc<J clirunulugicilly 
from the earliciit to the preieut time, will both pmcnl a historical view or IrUh Literature, anil enable the reader to judge 
o( the individual atyie and particular mcfit of «adi author, while to iheao not oiiically disposed the in&niia vaiieqr pw aem cd 
in ihis conveaSattt co H o cli va fawu will aJhid both iastiucliou aad s hubmp i H i 



In IS paiti, demy Svo^ Sf. etch; and 4 hilf-vols., cloth etcgut, 71; 6dl csch; or gilt edgie^ 

at Sr. each. 

The Poets and Poetry of Scotland: 

From the Earliest to thjc Present Timb. Conipri2.ing Characteristic Selections from the 
worics of dM moie Notewortlqr Scottidi Poets, with nosnphical and Critied NoticeB. tff Jmou 
Grant Wilson. Dhutnted by Portraits. 

la tbo pMpaiatioa of lUa Wotk tho-flm oljaet has bees to picaeait, not a coM action «f dw 1nn.td« or aeeg^ or the 
writhia* of the poets of any particular dtitrict of the country, but a ooraprdMlMit* «SoW of the poetry of Scodsni in 

all its Tonns from the earliest to the present lime. Besides original contribiuiont and poems by living authors, the Woifc 
will cuntaiti poems, hitherto unptibliihed, Uy Robrrt Bcrns, William Trnmamt, Mrs. GkaNT of Lagg.m, JaMBS 

HySLAP, -i.oTT kiDr.R! John I.kviifn, Wh i iam Mii ihk, nn ! i:t1':iH 

llic iUuMr.tiiuiu will coustM oC TwcDty-tour lifc-Uke foruaiis, engraved oo sled ui the oioat finuhed mauiier. 



In I j pait% ir. eadi; or two Imidiomn voli., npcMogfal Swh doth, $6$, 

The Works of the Ettrick Shepherd, 

IN POETRY AND PROSE. Certen.iry Edition. With a Biographical Memoir by the Rev. 
Thomas Thomson. Illustrated by Forty-four fine En^r.^vinuys on steel, from Original Drawings by 
D. O. Hin, R.S.A., K. Haisewelle, A.R.S.A., W. Small, and J. Lamon. 

Hogg's Worics comprfie Tattf tit Pvmt, iOasirative of Border Mitory and fupctstidoDB. They compnie Kkewiir 

Ploems of great imaginative power and descriptive beauty ; Ballads full of humour and touches of tender pathos ; and Song* 
wUch, beitdea being universally popuUr when first made puttUc, are uill cherished at among the finest productioaa of our 
naiivs Ipiie 

**<^rMmfywt ma^mim vmgitm Urn mt Ika mfftm ^fBmmt/M m mnmim4mnmt»UiuHmit» Mt tarn 
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To be completed in four half-volumes, super-royal Svo^ wt tar. 6i. Mch; or In 
twelve pam at 31. 6d. each. 

The Steam Engine: 

A Treatise on Steam Engines and Boilers. Comprinng the Principles and Practice of the 
Combitstion of Fuel, the Econoniical Generation of Steam, the ^lutntetkm of Steam Boilen; and the 
Principles, Construction, and Perfomiancc of Steam Engines -Stationary, Portaljlc, locomotive, and 
Marine, esempUficd in Engines and BoUeis of Recent Date. By Daniel Kinnbar Clar.k, 
tt.tm.cjL, u.t.u.B,t Avi&m of " Railway Madiinery;" "A Manual of Rnlci, Tables, and Onta tor 
Mechanical Engineers;" &c fta lUustiatcd above IJOO Figoni ID the Text, and • Seiies of 
Folding Plates drawn to Scale. 

TMiwiikpip»ideiacoaff e1wa iw^accaiala^SBd'dw»tywritw 
la the prindplct and pnetiot of ths Smhb BsilbM. 

Written k fiiU view of the great advaMes of audsm llaiK it «apiMuda lha fitlaciplia and iWifrihw Ihc piacties 
■awplified ia the cooettwctioii and g»e rf Siia BaglnM sad Maltaii^ in alt their wriariaa 



In 13 part% aa|MMOfal Svo^ at. 6d. each; or one handaome voIium^ dodi, 3Sib 

The Gardeners Assistant, 

Prnctical and Sciontific; a Guide to the Formation nrnl Manajjcment of Kitchen, Fiiiit, nnd Flower 
Gardens, and the Cultivation and Management of Vegetables, Fruits, and Flowers. With select 
Deaeriptive Lists of the best mrieties fai each de part ment, and n Copkms Calendar of Garden Operap 
tions. Hy Rohert Thompson. New Edition, revised and largely extended by eminent practical 
gardenent, under the editorial care of Thomas Mouke, F.L.S., Curator of the Chelsea Botanic Gardens, 
Co-Editor of the Gardmti^t ChroiueUt tee, tee. niuattated by above 400 Figures printed In the text, 
iiy 12 beautifully coloured and 18 plain Plates. 

" TJtt tnt Mk m tmtnd frmtitmt kartkuUmn im tkt Engliik itugmit*. Tkert it m dt t d t mttmt Hut,"— 

" Tki ttit M ffif$ kind, cmd tkt mfy tA^rrufk!r cM»^rtkfuh$ m»rk nda/M tqmUf fmr tki gmrdtntr, tkt 
^Ktiimam lumUtmr, mmd tkt mum ttkt it t»gat»d i» ptMt froduttitm mt m muttttr ^ trMU.''—K}mt&iaKft Msgiiips. 



In ao pait% %t. eadi; or 5 dlviaiona, royal 4to, 9t. eadi; or one vdL, cloth, gUt viffit, ^u. 

Suggestions in Design; 

A comprehensive series of Original Sketches In various Styles of Ornament, nnnn^ed fur aiiplicalion in 
the Decorative and Constructive Arts, comprising loa plates, containing more tlun 1100 distinct and 
■qMumte ''snggettions,*' by John Liiohton, v.s.a. To which is added descriptlTO and hbtofkal 
letterpfeas, widi above 200 explanatory engravings, by James Kellaway Calling, f.r.i.b.a. 

Theie wmsiioai tb thwrnghoMt mrigimmi, deejgped in the spirit, sad with tilt proper ait leeliagofthevwioasalykB 
to which they eevcntty behMC, and era the accinmifaHad rasak of knf and arduoa itudies, cafaa^Bg over nuty yean 

ofinvcitiKation mil tti itight. 

This work wilt be found to be eminently raited to the wants of nearly every one who hai occasiou for decontion is 



In 10 pattlb anper-royal 410, 2s. each. 

The Carpenter and Joiners Assistant 

By James Nrwt,ands, Borough Engineer <^ Lirerpoot. amd Jmf^mvti BiiHvm. Beuig a Compre> 

hcnsive Treatise 'm the selection, preparation, and strength of Materials, and the mechanical principles 
of Framing, with their applicatioas in Carpentry, Joinery, and Hand Ratling} also, * complete treatise 
on Lines; and an Itlastntted Gkmary of Terms tiaed in Ardiitectnre and BoHding. IHnatnited by 

above One Hundred Engraved Plates, containing above Nine Hundred Fi.t;urcs ; and abovc Seven 
Hundred Geometric, Constructive, and Descriptive Figures interspersed throughout the text. 

" Wt know of HO trtatiu on Car/rntry mui youtety tuJuck *t alt af/roaiktt tku in mitrit. . . . M^g ttrmiftf 
mrn tmrptmetkM mtdkmaia i» extant mud ttutff If schamcli MafBriaa. 
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Id MpMt% ■Mn4loaiae!, ptkesc cmIi} or 4 voIwbm, doth dcgant, edges, 91. each. 

Our Sovereign Lady Queen Victoria: 

HER LIFE AND JUBILEE. By Thomas Archer, f.r.h.s., Author of "Pictures and Royal 
Portraits " FiAy Yetik of Social and Folhkal Pnsiciij" llltiitiated bjr a aeries of a8 t^ghly* 

finisheti Etchings. 

It is hrlicvcd thai for the im:Itit-.!<le< of men and women who rcgani t)ie Queen with a jenlimcnt that may be spoken 
nf th;U (if jirrsmial re^anl a:id ;4lTi;L'.ion, no more fitting memorial can be frovided than a complete and worthy Life of 
our Sovereign Lady — a " Life " tuch as that which >• hen annottnced. The namtiv* preMatt • biognphical nther than 
aUilotical leoord: a record, Ctithiul. intmMioft aad «di fflawiMdt of lbs Boy^ BiwrilyBdrf IfcsqiwwisiSB Wfd gw 
Lady mther thaa «b So i wi i a Rwkr. 

TIm iLusnA-rnmeanisi «f aNmsef trcmy-cigbt hSgh^ufiDUnl atddivi, awliidmc poMnili of H«r Mi^iMy. 
the late Pidsee Coasort; sad slltha — bsis rf dwfc VIniajrs «lw> n emm and i i i wl i ia^iJiidi IhaQiMan has paaaaaUy 
taken part. 



Ib 15 part*, snper-royal 8vo, cadi} or 4 vab,, dodi degant, bimialwd edges, 9f. &/. eadi. 

NEW EDITION. Continued to tSgo. 

Gladstone and His Contemporaries: 

Sixty Years of Social and Political Progress. By THOMAS Archer, F.R.H.S., Author of "Pictures 
and Royal Poxtiaita^" ftc. Ulvstnted by a series of 3i anthentio and beautiAiUjr cucoted Poftnita> 



**T Mt mt vk km§tmimiAmil«gra^^lihtGk _ _ ,, 

A m Mt wktek Mm tvtdinUfy Stem c»mfuea tain tw muMmvy tiim mml «mr, ami win m ^raiuvMrthy dtHrt t» < 

Aw/nr/r't/ "— Daily New*. 

"Jt is /rp/.ifi'y truir thai Ikf lnc>grafkual /arm t>/ history u tkt httt im tUatuf witM timtt witAin tkt mtmarj of mm 
yet living. Thf hie cf a man, trominmt in affairt dttring a farticulam ftrimlt augr tt i*lnm at » etmitmi p*6u 1 — ' 
utkiek utaUtn <i/ more (ttureU kiitny grotif thtmulvn.' — Standard. 



Fourth Edition. Lar(;e 8vo (looo pp.), cloth, idf., or half.morocco, 20f. 

A Manual of Rules, Tables, and Data 

For Mechanical Enginsers, based on the most recent investigations. By Damel Kinnkak 
Clam, author of "Railway Maddnery," Ac. Ac. IKnatfated with mmetoas Diagnuaa. 

TUa book oomprises the leadiac (d>* aad data, with numeroiu table*, of ff<wmaM me ia calctilatioas and csdmalaa 
idatiaig to Practical Mechanicn ptiiaiitiiit in a reliable, clear, and handy form, with an eatcat of taBfe aadcoaiplalaaaat 
vt Jolail that has not been at tawpw d hitherto. This (the fourth] edition has been carefiiHy reviled, and in lit prapaiMlon 
■ dwata y haa been taken of many eugfeatiana made by those using the fanner editions. 

"Mr. Ctmrh writ** m'tA great cUam***, ami kt Am a grtat p*mi*r ^ CMuUmimg and tummariaiHg /aet*, and 
k» Ma$ Um Jitm tmahUd t« embody in Ait volmmu a <»IUcHm ^ data rtlaiiii£ t* mtdkattical tmgiattrbtg, suck at ka$ 
artmtiify nntr t^/itw lam tnagU ttnitktr, H^t mgmnl tki lewl a» oat wkk k m mtekamkal tagimttr m nptlmr 



In 14 parts, nedhim 8vo, at sr. eadi; or 4 diiridons at 6r. escb, and one at 4s. 

Modern Steam Practice and Engineering: 

A Guide to Approved Methods of Con^ilructinn, aixl tlie Principles relating thereto, with Eaamplei, 
Practical Rules, and Formolse. By John G. Winton, Engineer, Author of "Modem Wofkdiop 
Piactioe.'* Aaistod by W. J. Miuas, ce., Secretary of the lastitatioii of Engineers and ShiphniMets 
hi Soodaod; Aolhor of ** Prindples of Meffhrnics," fte. Uluatiated by muneioiii EagfKtUtgik 

The otijcct of the present jHiblicaiicin U to supply the iirai ticil Eii^jiiieer, ShipbuilJor, and Mcch.mic with a tniMworthy 
guide to the varied operations of the Worltshop and the Huilding-yard in a convenient form and at a niwierate price. It a 
written by practical men, well acquainted with the operations which they dciwril-c, aivl >cek» to convey to the workman 
detailed directiona regatding hii work in language rach aa l>* ia ddly fiuniliar with; and, at the sane tiaie, to state dearly 
Am hjgW iirinciplM upon wiidh thtut effttetiiwt anr ttatml imii m Hdth ihny dinniad fcr wirmw 



Digitized by Google 



3 BlaekU & Son's Pudiicaiums, 



To be completed in Zl parts, super-royal 8vo, 2s. each; or in 6 volumes, cloth extra, 9/. 6d. each. 

NEIV /SSUB. 

The Imperial Bible^Dictionary, 

HlSTOKtCAL, BlOGRAPHICAI., GeOGRAPRICAL, AND DOCTRINAL. Edited by Rev. PATRICK 
Fairbairn, D.D., author of "Typology of Scripture;" &c. With Introductions by the Right Rev. 
J. C Rvu, D.D., Lord Bishop of Liverpool, and Rev. C. H. Walusb, ila. Illustrated by «boat 
MV6B bundled Engravings. 

This Edition will be augmented by an interesting discussion on the subject of iNsriaATlOK, by the Rev. C H. 
Wallsi^ Priadpal of tha Londoa Cdlkge of Divioity. To this it pnfind a lualaooi imndttctiaB m iha lama witjiirt 
by iW IQglM Rav. Jokn Ciuuius Rvu^ Loud BiiiMpaf UvapaoL 

The Walk takes up b alphabetical order all tha salijeM «Mdl salar tela Aa eoMoNi «f Ae Wbk^ «Ufe dba sawnA 
bootai af wfaidi the BiHa is compoted in every earn racrfva caiaftj mmt tnmlkm cawidwarian !■ tha ttaaliiwt af tha 
diflamit topics, full advantage is taken of the materials which moJsBI criMni and amaich haM UCHmlatad. 

The pictori.-iI Illustratiuns include representations of the plants aad anlsials ssaajjaaad ki Sc rfptui^ ■otabia aceaas and 

pUc<-«. m.-intien of soci.ti life, and tlv- n'^^nifuld [ir^Kliirlinns nf liiiman itkill. In addtlfan 10 thOiS UlUStratjoaa, a Ssiisa fll 
VieVt engraved oo steel in the most linishcU manner, accompany the work. 



New bmc^ to be completed to 6 balf«vohiine% impeibl Svo^ dotb extn, 91. ti. eecb. 

The Whole Works of John Bunyian, 

Accurately reprinted from the Author's own editions. Collated and edited, with an introduction to 
each treatise, numerous illvstntive and explanatory BOtei» and e memoir of Banyan, hf GlOlOB OFfOK. 

Illustrated by engravings on steel and on wood. 

Among the Illustrative Engraving will be found the Portrait of Runyaii after S.nllrr: and a careful copy of the inter 
etting Portrait by R. White, now in the Briti»h Museum: Views of Hedford, and Pr:vui> on Bciltord Bridge; of Bunya»'» 
Cottage, the Market -house and Oiurch, EUtow; and of Bunyaa't Tomb in BwahiU Fields. Also, a Senas of baontifu' 
niustntiaas of Tk« Pilgrim from Stothard's elegmot deiigas; with nafaaOsB af Bm^an's Wiitiaft aad of tha aailiast 
awod.<Bt Dhirtiatois la TktPt^rim,mBAiaiiml4fi^Bm dm am. 

All ihaaMaUtaeUaorAis BHiehadaaindaad UgUyvalaadadidDnol BuayaaTsWhola Wioiks(efwhkhover twanty 
thotuuind copies have been aold) are retsiaad, the work being simply repriatad wkh lyTfltllir"* improvement* in typography. 



New Ime, with Qnestiona. Eleven vols., post 8vo, doth, red edges, yi. 6J, eacb. 

Notes on the New Testament, 

ExpLinntor)' atul Prnctical. W'i'.h Qtu^tiens for T?il>Ic-cl.i^^<"s and Sur.day-schmjls. Hy Ai^BRKT 
Barnes. Edited by the Rev. Kokkkt Frew, o.u. With numerous additional Isutes, and an ex- 
tensive aeriea of beautiful Engravings and Maps, not in any otfier edidon. 

Shortly Ixifore hi» dcceaw the Author completed a revision of his Notes on the New Testament. In the cm) of the Acts 
of tlie Apiwtlcs, the only secti on of the New Testament rc^j ci liii^; the expositiun anJ illustration t,l wlacli itjodcrii research 
bad accumulated new and irni^ rta^t inaterials. 

In making thit new iune the 6rsl three volumes have been re-set so as to embody the author's latest corrections and 
additions, and tlicy are now presented fur the first time to readatsfa tUsOOUttfy. TUs istua WiU COBSequea^y ho the MOat 

oomplele and perfect of any published w Great Britaia. 



In 25 puts at u, eadij or one volume^ royal 4to, doth, tjt. ti. 

Family Worship: 

A Scries of Devotional Services for every Monuiig and Eveointg tbioqgbout the Year, adapte<1 to the 
purposes of Domectie Worship ; Pniyers for Piuticalar Oeearions, and Pnyeta anilable far Children, &c 
I!y above Two HuNDKKD Kvanckucal MtNlSTBKS. lUttstiated by Twenty-^ fine Eogravii^ on 

stecL New and Improved Edition. 

The wrrk comprises 733 Service*, ad.ipteJ to be use i in the family, being a 5er\'ice for rt'try MukMNU and Kvi^mnq 
thr . ighiiiit III'- year, with Special Srrvicfs fnr the Mornin;; ami Evcnins nf Nc" \'. :ir'>-l)ay. Each Service is cunij.. .,c-U 
Hi l'r.i:»c, l'r..yi r, and Scriptural Kxpn^itinti. Thus it puints out a suitable psalm or hymn to be sung; next it refers 
tn .1 portion of S'. ri|.i^:r.;' to Ik- rt-.vl u w the Kible itialf, aod sdds some brief explaaatoty and pntdical remmica ; mmI the 
whole doses with a plain and earnest Prayer. 



LONDON: BLACKIE & SOX, Ll.MlTLDj ULASGOW AND EDINBURfiil. 
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